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ABSTRACT 
Membrane fusion is a fundamental life process to transfer cargos between distinct 
biological compartments. It was widely accepted that the SNARE (soluble N-ethylmaleimide 
sensitive factor attachment protein receptors) proteins play a central role in driving 
membrane fusion in eukaryotes. A zippering model predicted that the formation of the 
SNARE complex started from the N-terminal and zipped forward to the membrane proximal 
C-terminal of the SNARE motif. The energy released during the assembly of the complete 
complex will induce the membrane fusion. 
Combining EPR (Electron Paramagnetic Resonance) and FRET (Fluorescence 
Resonance Energy Transfer) techniques, we investigated the structures and functions of the 
SNARE proteins from yeast. We found a partially assembled SNARE complex intermediate, 
in which the C-terminal segment of Sso1pHT SNARE motif and the whole SN2 of Sec9 
were flexible and uncomplexed. Furthermore, the studies of mutants in SN2 implied that the 
SN2 of Sec9 might not be related to the docking of the vesicles, but it plays an important role 
in the membrane fusion. Unexpectedly, the energy difference between the partially 
assembled complex and the complete four-helix bundle is close to zero. We suggested that 
the assembly of the SNARE motif might change the curvature of the lipid membrane and 
decrease the energy barrier of the membrane fusion. 
The fast millisecond time scale characteristic of neurotransmitter release implied that the 
membrane fusion was controlled exquisitely by a network of regulators. Up to this point, 
more than 20 regulatory proteins were identified. Some of them, such as synaptotagmin, 
Munc18, and complexin, were extensively studied. However, the results from different 
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laboratories were contradictory. In the course of my studies, I investigated the structure and 
function of these proteins using EPR and single molecular techniques. 
 
1 
CHAPTER 1: GENERAL INTRODUCTION 
 
Membrane Fusion and SNARE Proteins 
 
1.1 Membrane Fusion 
A wide variety of cell biological processes, such as viral infection, neuronal transmitter 
release in synaptic transmission, and intracellular cargo transportation, depend on 
membrane fusion, a process involved in the merger of two membrane-bound 
compartments and thereby releasing the contents of one compartment to another (Jahn 
and Sudhof, 1999; Lindau and Almers, 1995; Rothman, 1994).  Energy is needed to 
overcome the hydration repulsion between lipid membranes. For the living cells, a 
number of evidence suggests that the energy to drive the biological bilayer fusion is 
provided by a group of highly specialized fusion proteins (Chernomordik and Kozlov, 
2003; Hayashi et al., 1994). Among them, SNARE (soluble N-ethylmaleimide sensitive 
factor attachment protein receptors) proteins were thought to be the minimal fusion 
machinery in the secretary pathway (Poirier et al., 1998; Rothman, 1994; Schoch et al., 
2001; Weber et al., 1998; White, 1992; Xu et al., 1999). When fusion occurs, the vesicle 
(v-) SNAREs interact with the target (t-) membrane SNAREs to form a parallel four 
alpha helical bundle, of which one is supplied by the v-SNARE and the other three by the 
t-SNAREs. It has been suggested that the assembly of SNARE proteins release free 
energy to overcome the repulsive forces of the opposed membrane and initiate the 
membrane fusion (Poirier et al., 1998; Sutton et al., 1998) (Fig. 1). However, some 
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studies suggest that there is little free energy released during the transition from the 
partially assembled complex to the complete core complex. The assembly of the 
four-helical bundle might induce the membrane curvature deformation, as a result 
decreasing the energy barriers for the membrane fusion. Although more and more 
evidence indicates that SNAREs could be the minimal fusion machinery (Antonin et al., 
2002; Brunger, 2005), the detailed mechanism is still ambiguous. In my study, two 
SNARE systems were used: neuron SNAREs that control the neurotransmitter release in 
the brains of mice and yeast SNAREs that are responsible for the protein trafficking from 
vesicles to plasma membrane.. 
 
 
1.2 SNARE Proteins 
 
The SNARE protein family was believed to be responsible for all intracellular membrane 
fusion in eukaryotes. Core structures from a variety of SNARE proteins show a great 
similarity. A SNARE motif, which contains approximately 60–70 amino acids composed 
of heptad repeats, is present in both v- and t- SNAREs (Antonin et al., 2002; Brunger, 
2005; Xiao et al., 2001). For the neuronal system, the t-SNARE family contains two 
proteins: syntaxin 1A and SNAP25; and the v-SNARE family contains one protein: 
synaptobrevin (or VAMP—vesicle associated membrane protein). For the yeast system, 
the t-SNARE family contains Sso1p and Sec9, and the v-SNARE family contains Snc2 
(Fig. 2). The helical bundle core of the SNARE complex is composed of 16 hydrophobic 
layers that are formed by interacting side-chains from each of the four alpha helices. 
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Sequence alignment indicates that a highly conserved ionic layer is present at the center 
of the core, which consists of an arginine, and three glutamine from each alpha helix 
(Rothman et al., 1998) (Fig. 3).  
Besides the SNARE motif, both syntaxin 1A (or Sso1p in yeast) and VAMP (or Snc2 in 
yeast) have a transmembrane domain at their carboxyl-terminal, which anchors the 
proteins in the lipid membrane. The N-terminal domain of syntaxin (or Sso1p in yeast) 
contains a three helical bundle known as the Habc domain. Removing the Habc domain 
of Sso1p results in a 3,000 fold increase of Sec 9 binding, whereas syntaxin is not 
significantly affected (Margittai et al., 2003; Nicholson et al., 1998). There is no 
transmembrane domain in the SNAP25 (or Sec9 in yeast), which is a soluble protein and 
consists of two SNARE motifs. It has been postulated that free syntaxin 1A (or Sso1p) is 
mostly structured, whereas SNAP25 (or Sec9) and VAMP (or Snc2p) are not. Secondary 
structure is induced during the assembly of the complex (Fasshauer et al., 1997; Fiebig et 
al., 1999) (Fig 4). 
 
1.3 Intermediates in the SNARE Protein-Mediated Fusion Pathway 
 
Membrane fusion involves a concerted assembly of proteins and an exquisite 
rearrangement of lipid bilayers. It has been suggested that multiple steps are needed to 
accomplish membrane fusion. First, the assembly of the SNARE ternary complex brings 
opposing membranes together and achieves the intimate contact of the outer leaflets. 
Then, the contacting outer leaflets merge and form a lipid ‘stalk’,  an intermediate state 
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called hemifusion in which the opposing outer leaflets merge together while the inner 
leaflets remain intact (Liu et al., 2005; Lu et al., 2005; Reese and Mayer, 2005; Xu et al., 
2005). Next, the rupture of the hemifusion diagram leads to a fusion pore. At last, the 
expanding of the fusion pore enables content mixing and finishes the full fusion (Fig. 5 
a1-a5).  The essence of this hemifusion model is that the initial connection of two 
merging outer leaflet is lipids. An alterative model suggests that there exists a protein 
hemi-channel lined with the SNARE transmembrane segments in each membrane (Han et 
al., 2004; Lindau and Almers, 1995). The assembly of the trans-SNARE complex brings 
the two opposing membranes close and connects the protein channels to form a protein 
fusion pore, directly leading to the content communication (Fig. 5, b1-b5). 
 
The evidence of the protein pore was provided by combined amperometry- capacitance 
measurements. Mayer B. Jackson’s group suggested that a protein pore was formed by a 
circular arrangement of five to eight syntaxin transmembrane segments in the plasma 
membrane (Han et al., 2004). However, in a previous study using the same PC12 cells, 
Hua and Scheller deduced that only three syntaxin-containing complexes are required for 
Ca 2+ -triggered excocytosis (Hua and Scheller, 2001). Based on the protein pore model, 
a vesicle-membrane counterpart formed by VAMP transmembrane segments was needed 
to complete their model, the EPR data in our laboratory indicated that there is no strong 
interaction between the transmembrane domains of VAMP, which did not support the 
protein pore model. 
5 
 
Hemifusion to full fusion transition is an accepted model for viral systems (Armstrong et 
al., 2000; Chernomordik et al., 1998; Kemble et al., 1994; Zaitseva et al., 2005). With 
viral fusion, proteins in only one of the opposing membrane were minimally required. 
Hemifusion intermediate was also visualized indirectly using X–ray diffraction (Yang and 
Huang, 2002). By modifying the transmembrane domain or lowering the concentration of 
the fusion protein, a hemifusion intermediate was observed in our laboratory. This paper 
was published in ‘Nature Structural Biology’ in 2005. I am the third author of the paper 
and contribute the lipid fusion assay parts (Xu et al., 2005). After that, a large amount of 
evidence was provided in different laboratories to support that SNARE protein-mediated 
membrane fusion transits through a hemifusion intermediate state (Chernomordik and 
Kozlov, 2005; Giraudo et al., 2005; Reese et al., 2005; Schaub et al., 2006).  
 
1.4 Zippering Model  
The SNARE complex consists of four alpha helical bundles contributed by t- and v- 
SNARE proteins. This arrangement gives rise to the idea that the SNARE complex may 
start from the membrane-distal N-terminal region and proceed toward the 
membrane-proximal C–terminal region in a ‘zipper–like’ model, starting with separate 
SNAREs on the target and vesicle membrane, and ending with formation of a cis 
complex. According to the zipper model, a partially zipped intermediate, which has the 
intact four-helix bundle in the N-terminal half, but has the fully unstructured C-terminal 
half, existed. Although the existence of a partially zipped complex has been supported by 
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several experiments, such a complex has not been physically trapped or kinetically 
identified (Rothman et al., 1998; Fiebig et al., 1999; Melia et al., 2002). Using EPR, we 
found a partially assembled complex intermediate that was stabilized on the membrane, 
in which the C-terminal part of the SsoHT SNARE motif and SN2 of the Sec9 were 
flexible and uncomplexed. The intermediate complex was stabilized by a three helical 
bundle formed by the N-terminal of the SsoHT SNARE motif, SN1 of Sec9 and Snc2p. 
These results provided a molecular picture detailing the conformational changes of the 
SNARE complex in the process of membrane fusion. The experiment data were provided 
in chapters two and three.  
 
1.5 The Role of the Transmembrane Domain (TMD) in Membrane Fusion. 
A number of studies report that the TMD of syntaxin plays a key role in the interaction 
with other proteins: removal of the syntaxin’s TMD will destroy its ability to bind to 
synaptotagmin, VAMP, and alpha SNAP. Replacing one or both of the TMDs of v- and 
t-SNAREs with covalently attached lipids prevented the membrane fusion, although the 
SNARE complex can still dock on the membrane (McNew et al., 2000b). As mentioned 
above, Mayer Jackson’s group suggested that five to eight TMDs of syntaxin compose of 
a proteinaceous pore in the membrane, which connects the two encompassed contents. 
Above all, a variety of evidence suggests that the TMD plays a critical role in membrane 
fusion. Given that the SNARE motifs are continuous with the anchoring TMDs, the 
torsional forces produced during the formation of four-helical bundles may disturb lipid 
through transmembrane segments, or the assembly of the complex may lead to the 
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conformation change of TMDs, which releases the energy to work on the membrane 
directly. In chapters two and three, we also provide evidence that a partially assembled 
SNARE complex can be stabilized by the membrane through TMDs.  
 
2 Regulators of SNARE Proteins 
It is widely accepted that the SNARE proteins play a central role in membrane fusion. In 
living cells, the neurotransmitter release finishes in a millisecond upon coming to Ca2+. 
However, in vitro studies show that the lipid mixing induced by SNARE proteins takes 
hours to finish. It is reasonable to predict that the assembly of the SNARE complex and 
the fusion pathways were regulated exquisitely by other proteins in vivo. The most 
intensively studied SNARE regulators are synaptotagmin, Sec1/Munc18, and complexin.  
2.1 Synaptotagmin 
Synaptotagmin (Syt) is a synaptic vesicle protein with a transmembrane domain in the 
N-terminal. Syt was thought to be a calcium sensor and control the stimulus-coupled 
exocytosis (Chapman, 2002; Ernst and Brunger, 2003; Martens et al., 2007; Stein et al., 
2007). Syt is characterized by two cytoplasmic C2 domains (C2A and C2B), which act as 
Ca2+ binding sites. The C2A domain of Syt binds three Ca2+ while the C2B domain 
binds two Ca2+. In addition, both C2 domains can interact with a negatively charged 
lipid membrane (Chapman, 2002; Sudhof, 2002). With a membrane-associated SNARE 
complex, sytC2AB can bind simultaneously to the lipid bilayer and the SNARE complex, 
resulting in a quaternary SNARE-synaptotagmin-Ca2+- phospholipids complex (Dai et al., 
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2007). A few results indicated that Ca2+ and the SytC2AB increase the neuronal 
SNARE-mediated fusion significantly (Martens et al., 2007; Tucker et al., 2004). 
However, some in-vitro experiments using full-length Syt failed to observe the 
Ca2+-evoked acceleration of SNARE-mediated membrane fusion (Mahal et al., 2002; 
Holt et al., 2008). One of the characteristics of C2AB is its ability to bind strongly to 
negatively charged lipid membranes with the presence of Ca2+ and induce fast vesicle 
aggregation. The fast aggregation of the vesicles leads to an acceleration of docking, 
which might result in a false stimulatory effect on fusion pore opening by using bulk 
fusion assay. In chapter 4, I report our study of C2AB with a single vesicle technique. 
Here, SytC2AB worked as a nano-glue to cluster the negatively charged lipid vesicles 
together with the help of Ca2+, which could apply to the drug or vaccine delivery. This 
paper was submitted to ‘Nano Letters’ and I contribute equally with the first author. 
2.2 Sec1/Munc18 
A gene knockout study has indicated that the SM proteins (Sec1/Munc18) are crucial for 
most membrane fusion. The neurotransmitter release was totally abolished in Munc18-1 
knockout mice (Verhage et al., 2000). Munc18 bound tightly to the closed conformation 
of syntaxin, which stabilized the syntaxin during its transportation to the plasma 
membrane in vivo. In addition, Munc18 might play an active role in SNARE complex 
assembly (Shen et al., 2007). It was suggested that the N-terminal segment of syntaxin, 
Habc domain, is necessary for the function of Munc18. Interestingly, our experiments 
indicated that Munc18 could increase the SNARE-mediated lipid mixing both for 
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syntaxin and syntaxin HT without Habc domain. The data are shown in chapter 5.  
2.3 Complexin 
Complexin is a soluble protein that binds tightly to the SNARE complex to form an alpha 
helix. It was suggested that the complexin worked as fusion clamps to the 
membrane-anchored SNARE complex. With the help of Ca2+, synaptotagmin will 
displace the complexin and induce the synchronization membrane fusion. However, some 
results show that complexin plays a positive role in membrane fusion. Recently, Yoon et 
al. provided evidence that complexin has a two-faceted function: on one hand, it inhibits 
the formation of a SNARE complex; on the other hand, once a SNARE complex is 
assembled, it significantly enhances membrane fusion. That might explain the 
contradictory results from different laboratories (Bowen et al., 2005; Melia, 2007; Tang et 
al., 2006; Yoon et al., 2008). 
 
3 Techniques Mainly Used in My Study 
 
3.1 Electronic Paramagnetic Resonance (EPR) 
 
EPR is a powerful and sensitive technique for the study of a macromolecular structure 
because EPR signals are generated only by unpaired electrons, which are fairly rare in 
biological systems (Hubbell et al., 2000; Hubbell et al., 1998). A unique cysteine is 
introduced into the target protein by site-directed mutagenesis. Then a highly stable 
nitroxide spin label is covalently attached to this unique cysteine. The EPR signal 
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generated from the spin label reflects the local structural and environmental information 
(Kim et al., 2002; Kweon et al., 2002, 2003; Shin et al., 1993). The EPR spectrum is 
sensitive to the mobility of the nitroxide chain—the slower the motion of the nitroxide 
chain, the broader is its EPR spectrum. The relatively slow motion could have resulted 
from some tertiary interaction of the nitroxide side chain with other parts of the protein, 
or because of the insertion of the nitroxide side chains into the viscous membrane 
environment (Fig. 6). 
We can also measure the intra- or inter-molecular distance at a low temperature (-130Co). 
When two spin labels are separated by 8–25 angstrom apart, dipolar spin-spin interactions 
dominate and an effective broadening of the spectrum is observed. Samples were 
maintained at a low temperature to suppress the inhomogeneous broadening effect. 
Dipolar interactions display an R-3 dependence on the intra- or inter-spin distance; shorter 
distances result in broader spectra (Fig. 7). 
The EPR accessibility measurement has been proven to be a powerful technique to probe 
the insertion of a polypeptide into the membrane. The accessibility of the nitroxide to a 
water-soluble paramagnetic reagent, nickel-ethylenediaminediacetic acid (NiEDDA) 
(WNiEDDA), was measured to estimate the extent of exposure of the spin-labeled site to the 
aqueous phase. Furthermore, the accessibility to a non-polar paramagnetic reagent, 
molecular oxygen (WO2), was also measured to probe the immersion into the nonpolar 
membrane interior. The WNiEDDA values are low, where as the WO2 values are high, which 
is characteristic of nitroxides exposed to the lipid phase, verse versa (Altenbach et al., 
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1994; Rabenstein and Shin, 1995). (Fig. 8) 
 
3.2 Bulk Lipid-Mixing Assay 
 
The lipid-mixing assay utilizes the fluorescence dequenching strategy. T-SNARE and 
v-SNARE proteins were reconstituted into two populations of vesicles separately, of 
which one contained fluorescence probes, the donor NBD, and the quencher Rodamin. 
When liposome contains the donor and the quencher fused with the liposome without 
fluorescence probe, the concentration of the quencher on the membrane is diluted, which 
leads to the increase of NBD fluorescence intensity (McNew et al., 2000a; Weber et al., 
1998) (Fig. 8a). To directly measure the membrane inner leaflet mixing, we selectively 
reduced the NBD on the outer leaflet to ABD, which was fluorescence silent in our 
working condition, by treating with dithionite. The asymmetric fluorescence liposome 
provides an opportunity to investigate the kinetic difference between the outer and inner 
leaflet mixing during fusion (McIntyre and Sleight, 1991; Meers et al., 2000) (Fig. 9b, c).  
3.3 Single-vesicle lipid-mixing assay 
The lipid-mixing assay mentioned above was based on the ensemble measurements that 
provided us with only the average phenomena of the vesicles. In order to investigate the 
lipid mixing between two single vesicles in real time, a single-vesicle fusion assay was 
developed with Dr. Ha’s Lab. at the University of Illinois at Urbana-Champaign (UIUC) 
(Yoon, 2006). The T-SNARE protein was reconstituted into liposomes that contained 
2mol% of fluorescent donor 1,1’-dioctadecyl-3,3,3’,3’-tetramethylindocarbocyanine 
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perchlorate (DiI) and the v-SNARE protein was reconstituted into the other population of 
vesicles containing 2mol% of fluorescence acceptor 
1,1’-dioctadecyl-3,3,3’,3’-tetramethylindodi- carbocyanine perchlorate (DiD) and 
biotinylated lipids. Biotins immobilized the V-vesicles to a quartz surface through 
PEG-bound neutravidins (Fig. 10). The t-SNARE vesicles flowed in a very low 
concentration (~100 pM), which minimized the interaction of multiple t-SNARE vesicles 
with a single v-SNARE vesicle. The attachment of t-vesicles (donor) to the v-vesicles 
(acceptor) and subsequent lipid mixing were then monitored by wide-field total internal 
reflection (TIR) microscopy. This assay enabled us to track the entire course of an 
individual fusion event. Vesicle docking, hemifusion, and full fusion could be 
distinguished by a defined value of FRET efficiency. 
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Fig. 1 Schematic drawing of SNARE-mediated protein assembly.  
 
The vesicle SNARE protein synaptobrevin/VAMP (blue) and the plasma membrane 
SNARE protein syntaxin (red) carry C-terminal transmembrane helices, whereas 
SNAP-25 (green) is associated with the presynaptic membrane via 3-4 palmitoyl groups 
(not shown).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
20 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Schematic structure of yeast and neuronal SNAREs. 
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Fig. 3 Crystal structure of neuronal SNARE complex. (a) The four-helix bundle. Sn1 and Sn2 are two 
‘SNARE motifs’ of SNAP25. Sx is Syntaxin and Sb is synaptobrevin. (b) The 16 hydrophobic layers of 
the SNAREs complex. 
     Sutton, R  al. Nature, 1998 
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Fig 4. Schematic assembly of SNAREs. 
 (a) Syntaxin1A/Sso1p is in the ‘close’ conformation. The N-terminal Habc domain 
folds back and binds to H3 domain. (b) SNAP25/Sec9 involves in the formation of the 
binary complex. Habc domain was released from binding to H3 domain. (c) v-SNARE 
from apposed membrane comes in and assembly of four helical ternary complexes 
begins from N-terminal. (d) The assembly extends to C-terminal, bringing the 
membrane proximal and initiating the fusion.  
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Fig. 5 Two General membrane fusion model.  
(a) The ‘fusion through hemifusion’ model shows a fusion pore lined by lipids. (b) The 
‘protein-pore’ model shows a fusion pore formed from transmembrane domain segments 
of proteins. 
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Fig 6. Schematic SDSL (site directed spin labeling) technique. First, the amino acid at 
the specific site of the target protein is mutated into cysteine. Then this introduced 
cysteine is modified by the nitroxide, which is a free radical and generates the EPR 
signal. 
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Fig 7. The EPR distance measurement is based on the dipolar-dipolar interaction, 
which dominates in the range of 8~25 angstrom 
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Fig 8. The depth of the nixtroxide immersed in the membrane is determined by 
measuring the accessibility of either a soluble paramagnetic reagent NiEDDA or 
non-polar O2. The formula is shown in the scheme.  
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Fig. 9. Schematic in vitro fusion assay based on fluorescence dequenching.
The blue one represents NBD and the red one Rhodamin. 
 (a) The dilution of the surface concentration of the quencher after fusion leads 
to the fluorescence intensity increase. (b) Dithionite selectively reduces NBD 
into fluorescent silent ABD. (c) For full fusion, the fluorescence intensity 
increases as before reduction. For hemifusion, the fluorescence intensity doesn’t 
change since there is no inner leaflet mixing.    
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Fig. 10 . Schematics of the single-liposome assay. 
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CHAPTER 2: A PARTIALLY ZIPPED SNARE COMPLEX 
STABILIZED BY THE MEMBRANE 
A paper published in Journal of Biological Chemistry, 2005, vol 280:15595-15600 
Yinghui Zhang, Zengliu Su, Fan Zhang, Yong Chen, and Yeon-Kyun Shin 
 
Abstract 
 
The SNARE complex acts centrally for intracellular membrane fusion, an essential 
process for vesicular transport in cells. An association between vesicle-associated (v-) 
SNARE and target membrane (t-) SNAREs results in the coiled coil core that bridges two 
membranes. Here, the structure of the SNARE complex assembled by the recombinant 
t-SNARE Sso1p/Sec9 and the v-SNARE Snc2p, which are involved in post-Golgi 
trafficking in yeast, was investigated using EPR. In detergent solutions, SNAREs formed 
a fully assembled core. However, when t-SNAREs were reconstituted into the 
proteoliposome and mixed with the soluble SNARE motif of Snc2p, a partially zipped 
core in which the N-terminal region is structured, where as the C-terminal region is 
frayed, was detected. The partially zipped and fully assembled complexes coexisted with 
little free energy difference between them. Thus, the core complex formation of yeast 
SNAREs might not serve as the energy source for the fusion, which is different from 
what has been known for neuronal SNAREs. On the other hand, the results from the 
proteoliposome fusion assay, employing cysteine- and nitroxide-scanning mutants of 
Sso1p, suggested that the formation of the complete core is required for membrane fusion. 
30 
This implies that the core SNARE assembly plays an essential role in setting up the 
proper geometry of the lipid-protein complex for successful fusion. 
 
 
Introduction 
Membrane fusion is essential for many important life activities such as viral entry to 
cells, fertilization of eggs, and intracellular material transport (1). Biological membrane 
fusion is not spontaneous because merging two stable membranes to a single bilayer 
imposes a high activation energy barrier (2). Thus, specialized fusion proteins are 
required either to provide the necessary free energy or to lower the fusion energy barrier. 
Progress in determining three-dimensional structures of these proteins helps in 
understanding the mechanism by which the proteins facilitate the fusion of two 
membranes (3).  
In exocytotic pathways, the fusion of a transport vesicle with its target membrane 
requires the pairing of soluble NSF attachment protein receptor (SNARE) partners, 
separately anchored to two membranes (4–6). For fusion to occur, the membrane 
proximal SNARE motif of the vesicle (v-) SNARE must interact with those of the target 
membrane (t-) SNARE to form a four-stranded helical bundle (7–12). The SNARE core 
complex shares a striking structural similarity with viral fusion proteins, including 
influenza hemagglutinin and the human immunodeficiency virus gp41 (3). Thus, it has 
been postulated that SNARE assembly provides the energy for membrane fusion (8, 13), 
as is believed, although not proven, for the viral fusion proteins (14).  
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Association of v- and t-SNAREs might proceed in sequential steps (15–22). The 
“zipper model” predicts that complex formation starts from the membrane-distal 
N-terminal region, setting up the stage, and progresses toward the membrane-proximal 
C-terminal region, closing the gap between the two bilayers. Although the existence of a 
partially zipped complex has been supported by several biochemical experiments (17, 21, 
22), such a complex has not been physically trapped or kinetically identified. Therefore, 
the structure and the stability of the partially zipped complex, which seem to be important 
in understanding the exact role of SNARE assembly in membrane fusion, are unknown. 
In this work, we investigated the structure of the SNARE core assembled by 
recombinant t-SNARE Sso1p/Sec9 and v-SNARE Snc2p, a set of SNARE partners 
involved in post-Golgi trafficking in yeast, using site-directed spin labeling EPR (23, 24). 
In detergent solutions, SNARE core assembly was spontaneous and complete. However, 
when t-SNAREs were reconstituted in the proteoliposome and mixed with a soluble 
recombinant v-SNARE representing the cytoplasmic domain of Snc2p, an equilibrium 
was established between the complete SNARE complex and the partially zipped SNARE 
complex. It appears that the membrane stabilized the partially zipped complex and made 
it energetically equivalent to the complete SNARE complex. On the other hand, the 
analysis of the site-directed mutants of Sso1p, using the proteoliposome fusion assay, 
indicated that complete SNARE core formation is required for membrane fusion. 
Therefore, the results provide new insights into the structural and energetic roles of 
SNARE assembly in promoting membrane fusion. 
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Results 
 
Site-directed Spin Labeling of Yeast t-SNARE Sso1p—In site-directed spin labeling, 
native amino acids are site-specifically replaced one by one with cysteines to which the 
nitroxide side chain is attached. The coiled coil motifs of individual SNAREs are mostly 
unstructured prior to complex formation. When associated with their partners, however, 
the polypeptides become α-helical (25), which significantly reduces the tumbling rates 
for the peptide backbone as well as for the amino acid side chains. The EPR line shape is 
sensitive to the motional rates of the nitroxide (26). Thus, SNARE core formation 
accompanies large EPR line shape changes, from a narrow spectrum reflecting the fast 
motion to a broad spectrum reflecting the slow motion (24, 27). 
To investigate SNARE core formation, we prepared 26 consecutive cysteine 
mutants (N215C–L240C) of recombinant Sso1pHT (amino acids 185–283 of Sso1p), 
which contains the SNARE motif and the transmembrane domain (Fig. 1), and cysteine 
mutants were labeled with methanethiosulfonate spin label. Spin-labeled mutants were 
then reconstituted into POPC vesicles containing 15 mol% negatively charged DOPS, a 
lipid composition commonly used to mimic the native cellular membrane (5, 28, 29). The 
functionality of the cysteine and spin-labeled mutants was checked with the 
proteoliposome fusion assay (see below). 
The EPR spectra of the first 11 reconstituted Sso1pHT mutants (N215C–Q225C) had two 
spectral components. One broad component reflects the slow motion and another sharp 
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component reflects the fast motion of the nitroxide (Fig. 2A). Such composite spectra are 
characteristic of two coexisting structures, one structured and the other random coil-like. 
EPR spectra of the next 15 mutants (E226C–L240C) were all fast motional, indicating 
that this region is a freely moving random coil. The structure in the N-terminal region 
might be due to the self-association of Sso1pHT. Previously, it was shown that Syntaxin, 
the neuronal counterpart of Sso1p, self-associates to form dimers (30, 31). To verify 
whether the N-terminal structure of Sso1pHT was due to a similar oligomerization, we 
collected the low temperature EPR spectra (32) and found that some mutants exhibited 
apparent spin-spin interactions (data not shown), supporting the oligomeric state of 
Sso1pHT. 
Partially Zipped SNARE Complex Is Stabilized by the Membrane—As for the core 
complex, we first examined SNARE complex formation in detergent solutions as a 
control. Spin-labeled Sso1pHTs dissolved in 0.5% Triton X-100 were mixed with a 
4-fold excess of Sec9c (amino acids 401–651 of Sec9) and soluble Snc2pS (amino acids 
1–93 of Snc2p) lacking the transmembrane domain (Fig. 1). The room temperature EPR 
spectra were collected after incubating the mixture at 20°C for 30 minutes (Fig. 2B). The 
EPR spectra of all mutants are broad, reflecting the slow motion of the nitroxide, most 
likely due to the formation of the fully assembled coiled coil in the entire region. In fact, 
the variation of the EPR spectra along the amino acid sequence appeared to be in 
qualitative agreement with the pattern of a coiled coil. Residues 217, 222, 224, 228, 231, 
235, and 238 are predicted to be internal a or d positions and yielded very broad EPR 
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spectra reflecting nearly completely frozen motion, indicative of the tight packing of the 
coiled coil interior. These EPR results are consistent with the previous NMR study 
reporting that soluble yeast SNAREs form a well-defined coiled coil (33). 
Next, we reconstituted Sso1pHT into vesicles and mixed it with 4-fold molar excess of 
soluble Sec9c and Snc2pS. For the first 14 mutants N215C–V225C, we observed the 
broad and slow motional EPR spectra with a small fraction of the sharp spectral 
component (Fig. 2C, arrow), indicating that most Sso1p molecules were engaged in 
complex formation. In contrast, for the next 12 mutants, the sharp spectral component 
appeared to be significantly increased, suggesting that a large fraction of Sso1p was 
uncomplexed and uncoiled. The addition of an extra 4-fold excess of Sec9c and Snc2pS 
to the mixture did not change the EPR spectra, supporting the idea that the sharp 
component was due to the local (intramolecular) fraying of the coiled coil and not due to 
the global (intermolecular) dissociation of the complex. Also, neither the incubation of 
the mixture for one day at room temperature nor the incubation at 37°C for five hours 
changed the EPR spectra. Thus, the results support that the protein samples were in 
equilibrium rather than in a kinetic trap. We, however, note that we were unable to 
reconstitute the preassembled SNARE complex into the vesicles because of the protein 
aggregation. 
To analyze the data quantitatively, we decomposed the two spectral components into 
individual ones using spectral subtraction method (34). For each spin-labeled position, 
the fraction of the unstructured was calculated based on the ratio of the spin 
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concentrations of two species (Fig. 3). For the SNARE samples in the detergent, coiled 
coil formation was nearly complete across all positions examined. For reconstituted 
Sso1pHT, however, the N-terminal region showed that ~90% formed the complex, 
whereas the C-terminal positions showed that only 50% participated in the complex. 
Therefore, it appeared that 50% of Sso1pHT formed the full SNARE complex, 40% 
percent formed the partially zipped complex for which the N-terminal region was 
structured, whereas the C-terminal region was frayed, and the remaining 10% stayed as 
an uncomplexed species. 
The Structure and the Stability of the Partially Zipped Complex—The analysis of the 
EPR data indicates that the partially zipped core is well structured in the N-terminal 
region whereas it might be predominantly a random coil in the C-terminal region. In the 
meanwhile, we observed a gradual increase of the disordered population of Sso1p from 
10% to 50% in the range of D229C–L240C. Such a gradual change in the broad range 
might suggest that there is a significant degree of heterogeneity in the structure. Further, 
this region may undergo random fluctuations between the helical conformation and the 
random coil conformation. 
Since the population ratio between the complete complex and the partially zipped 
complex is known, it is possible to estimate the Gibbs free energy difference (ΔG°) 
between these two species. Under current conditions, the two species are nearly equally 
populated, which means that the equilibrium constant (K) is close to unity. Since ΔG° = 
−RT ln K, where R is the universal gas constant and T is the temperature, the free energy 
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difference comes out to be nearly zero between these two species. Therefore, we 
conclude that the transition from the partially zipped SNARE complex to the complete 
complex may not release the free energy. 
Complete Core SNARE Assembly Is Required for Membrane Fusion—The EPR analysis 
revealed that the partially zipped SNARE complex was stabilized by the membrane and 
coexisted with the fully assembled complex. It was also shown that there might be no free 
energy gain on going from the partially zipped complex to the complete complex. One 
then might wonder whether the formation of the complete SNARE complex is required 
for membrane fusion. 
To test this possibility, we examined the fusion activity of cysteine- and 
nitroxide-scanning mutants of Sso1pHT using the proteoliposome fusion assay. The size 
of the nitroxide side chain is relatively bulky, and it is comparable with that of tryptophan. 
Therefore, if the formation of the complete coiled coil were required for membrane 
fusion, the alterations at the internal positions might cause some serious perturbations. 
With the cysteine- and nitroxide-scanning mutants, we might observe the periodic 
behavior of the fusion activity along the sequence, consistent with the heptad repeat 
pattern of the coiled coil (35). 
For the lipid-mixing fusion assay, we prepared POPC/DOPS vesicles containing mutant 
t-SNAREs (Sso1pHT mutants/Sec9c). Snc2p was reconstituted into separate vesicles 
containing fluorescence dyes. When we mixed two vesicle populations, we detected 
significantly reduced lipid mixing with the mutations at internal a and d positions as 
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compared with that of wild type (Fig. 4), particularly in the C-terminal region below the 
conserved “0” layer (Q224 of Sso1p). In this region, we observed a periodic behavior of 
the fusion activity along the sequence that was in phase with the heptad repeat pattern. 
However, the addition of dithiothreitol that cleaved off the nitroxide side chain from the 
cysteine residue restored fusion activities significantly at the internal a and d positions 
(Fig. 4, triangles). Therefore, the results suggested that complete coiled coil formation is 
required for membrane fusion. 
To further examine the necessity of the formation of the complete core, we prepared 
several Sso1pHT mutants in which the internal d positions in the C-terminal region were 
replaced with helix-breaking prolines. The proline mutations should block coiled coil 
formation. When the proline mutants were examined with the lipid mixing fusion assay, 
we observed significantly reduced lipid mixing as compared with that of wild type, 
further supporting the assertion that complete core formation is essential for membrane 
fusion (Fig. 5). 
 
Discussion 
 
In this work, it was shown that membrane-reconstituted SNAREs behaved differently 
from those in solution. In solution, SNARE motifs of v- and t-SNAREs engaged one 
another to form the complete coiled coil core. In the membrane, however, the partially 
zipped complex, in which the C-terminal region of the SNARE core was frayed, became 
stabilized and coexisted with the complete complex. The EPR analysis suggested that the 
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two complexes were energetically equivalent with little Gibbs free energy difference 
between the two. Based on these results, it seems difficult to envision that the transition 
from the partially zipped complex to the complete complex releases the free energy that 
might be used for membrane fusion.  
In contrast, the results from the lipid-mixing fusion assay suggested that the formation of 
the complete complex is still essential for membrane fusion. Moreover, it is highly likely 
that complete core formation occurs before the lipid mixing (36). How is this possible, 
given that the SNARE core might not have enough strength to bring two mutually 
repulsive membranes into contact? One possibility is that membranes might no longer be 
mutually repulsive at the fusion site where several t- and v- SNAREs are presumably 
clustered. Both t- and v-SNAREs carry basic membrane-proximal regions that have a 
strong propensity for the membrane surface (24, 31, 37). The insertion of several 
membrane-proximal regions into the small patch of the membrane might activate the 
surfaces to become no longer mutually repulsive. Perhaps complete core formation 
simply puts, by fluctuation, two activated membranes into a correct geometry necessary 
for the fusion without the expense of much free energy. 
The proposal that SNARE core formation plays a set-up role instead of an energy source 
for membrane fusion might not be general for all SNARE systems. For example, for 
neuronal SNAREs involved in neurotransmitter release at synapses, the coiled coil core is 
extremely stable and is even SDS-resistant (38), whereas the coiled coil of yeast SNAREs 
is not (39). Therefore, there must be some energy release that could directly assist the 
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apposition of the two membranes. Such an energetic assistance might be necessary for 
neuronal membrane fusion, in which a fast and controlled release of neurotransmitters is 
essential.  
The possibility that yeast SNAREs might function differently from neuronal SNAREs is 
not unusual. In fact, there are several other features that yeast SNAREs do not share with 
their neuronal homologues. First, yeast SNARE assembly is known to be regulated by the 
N-terminal Habc domain of Sso1p (40), whereas neuronal SNARE assembly is not 
significantly affected by that of Syntaxin (41). Second, yeast t-SNAREs Sso1p and Sec9 
form a 1:1 complex in which the C-terminal region is significantly frayed (33), whereas 
neuronal syntaxin and SNAP-25 assemble into a 2:1 complex, the structure of which is 
virtually identical to that of the ternary SNARE core (42–44). Third, the trans complex 
formation of yeast SNAREs in vitro proceeds in a single step (36), in contrast to the 
two-step mechanism proposed for neuronal SNAREs.  
In this work, we arbitrarily assumed that the membrane stabilizes the partially zipped 
complex. However, we do not know whether this is the case or whether the complete 
SNARE core is destabilized by the membrane. Also, the mechanism by which the 
membrane influences the relative energy between two forms of SNARE complex is 
unclear, warranting further investigation. 
In summary, we have identified the partially zipped SNARE complex in which the N- 
terminal regions of individual SNARE motifs engaged one another to form the coiled coil, 
whereas the C-terminal regions are separate and unstructured. The EPR analysis showed 
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that the partially zipped complex coexisted with the complete SNARE complex with no 
free energy difference between two forms. Thus, the result suggests that yeast SNAREs 
play more of a set-up role than serving as the primary energy source for membrane fusion, 
which is different from what has been proposed for neuronal SNAREs. 
Materials and Methods 
 
Plasmids and Site-directed Mutagenesis—DNA sequences encoding Sso1pHT (amino 
acids 185–290 of Sso1pHT) and Snc2pS (amino acids 1–93 of Snc2p) were inserted into 
the pGEX-KG vector between EcoRI and HindIII sites as N-terminal glutathione 
S-transferase (GST) fusion proteins. Sec9c (amino acids 401–651 of Sec9) was inserted 
into pET-24b(+) between NdeI and XhoI sites as a C-terminal His6-tagged protein. To 
introduce a unique cysteine residue for the specific nitroxide attachment, native cysteine 
266 of Sso1pHT was mutated to alanine. A QuikChange site-directed mutagenesis kit 
(Stratagene) was used to generate all mutants; DNA sequences were confirmed by the 
Iowa State University DNA Sequencing Facility. 
Protein Expression, Purification, and Spin Labeling—Expression of recombinant GST 
fusion proteins was conducted in Escherichia coli Rosetta (DE3) pLysS (Novagene). The 
cells were grown at 37°C in LB medium with glucose (2 g/liter), ampicillin (100 μg/ml), 
and chloramphenicol (25 μ g/ml) until the A600 reached 0.6–0.8. 
Isopropyl-Dthiogalactopyranoside was added to a final concentration of 1 mM. Cells 
were grown for an additional four hours at 18°C. Cell pellets were harvested by 
centrifugation at 6000 rpm for 10 minutes.  
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Purification of GST fusion proteins was achieved with affinity chromatography 
using glutathione-agarose beads (Sigma). Frozen cell pellets were resuspended in PBS 
buffer (phosphate-buffered saline, pH 7.4, with 0.5% Triton X-100 (v/v)) with 2 mM 
4-(2- aminoethyl)benzenesulfonyl fluoride (AEBSF) and 5 mM dithiothreitol. The cells 
were broken by sonication in an ice bath. As for Sso1pHT, 1% of n-lauroyl sarcosine was 
added to the solution before sonication. The cell lysate was centrifuged at 15,000 × g for 
20 minutes at 4°C. The supernatant was mixed with glutathione-agarose beads in the 
resuspension buffer and nutated at 4°C for 120 minutes. The protein-bound beads were 
washed with an excess volume of washing buffer (phosphate-buffered saline, pH 7.4) for 
at least six rounds. When washing, 0.2% (v/v) Triton X-100 was added to Sso1pHT, 
whereas no detergent was added to Snc2pS. The beads were then washed with thrombin 
cleavage buffer (50 mM Tris- HCl, 150 mM NaCl, 2.5 mM CaCl2, pH 8.0), either with 
0.2% Triton X-100 for Sso1pHT or without detergent for Snc2pS. Finally, the proteins 
were cleaved from the resin by thrombin (Sigma) at room temperature for 40 minutes. 
AEBSF was added to the protein after the cleavage (2 mM final concentration). The 
protein was stored at −80°C with 10% glycerol if needed. 
Cysteine mutants of Sso1pHT were spin-labeled before thrombin cleavage. After 
the cell lysate was incubated with beads and washed with PBS buffer containing 0.2% 
Triton X- 100, dithiothreitol was added to a final concentration of 5 mM. The sample was 
incubated at 4 °C for 40 min, and the beads were then washed eight times with an excess 
volume of PBS buffer with 0.2% Triton X-100 to remove dithiothreitol. An 
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approximately 20-fold excess of 1-oxyl- 2,2,5,5-tetramethylpyrrolinyl-3-methyl 
methanethiosulfonate spin label was immediately added to the protein. The reaction 
mixture was left overnight at 4°C. The free methanethiosulfonate spin label was removed 
by washing with excess PBS buffer with 0.2% Triton X-100. The proteins were cleaved 
by thrombin in cleavage buffer with 0.2% Triton X- 100. 
The His6-tagged protein Sec9c was expressed in E. coli Rosetta (DE3) pLysS. The 
cells were grown at 37°C in LB medium with glucose (2 g/liter), kanamycin (30 μg/ml), 
and chloramphenicol (25 μg/ml) until the A600 reached 0.6–0.8. After the addition of 
isopropyl-β-Dthiogalactopyranoside (1 mM), the cells were incubated further for an 
additional four hours at 22°C. The cell pellets were collected by centrifugation at 6000 
rpm for 10 minutes. For purification, the frozen cell pellet was resuspended in lysis buffer 
(PBS buffer with 20 mM imidazole, 0.5% Triton X-100, 2 mM AEBSF, pH 8.0). After 
sonication on ice, the cell lysate was centrifuged at 15,000 × g for 15 minutes at 4°C. 
The supernatant was mixed with nickel-nitrilotriacetic acid-agarose beads (Qiagen) in 
lysis buffer. The mixture was nutated for binding at 4°C for 120 minutes. After binding, 
the beads were washed with washing buffer (PBS buffer with 50 mM imidazole, pH 8.0). 
Then the protein was eluted by elution buffer (PBS buffer with 250 mM imidazole, pH 
8.0). The protein can be stored at -80°C with 10% glycerol. All purified proteins were 
examined with 15% SDS-PAGE. 
Membrane Reconstitution and SNARE Ternary Complex Formation—Large 
unilamellar vesicles (~100 nm in diameter) of 1-palmitoyl- 2-dioleoyl-sn-glycero-3- 
43 
phosphatidylcholine (POPC) containing 15% 1,2-dioleoyl-sn-glycero-3- 
phosphatidylserine (DOPS) were prepared in a detergent-free cleavage buffer using an 
extruder (24). The total lipid concentration was 100 mM. Proteins were reconstituted into 
vesicles by the Bio-Beads method (24). Proteins were mixed with vesicles at an 
approximate 1:300 protein-to-lipid molar ratio. The detergent was removed by treating 
the sample with Bio-Beads SM2 (Bio-Rad), which was directly added to the sample in 
the ratio of 200 mg/1 ml of the mixed solution. After 45 minutes of nutation, Bio-Beads 
were removed from the sample by centrifugation at 10,000 × g for one minute. The 
same procedure was repeated three times. Reconstitution efficiency was estimated by 
determining the protein concentration using EPR before and after reconstitution. For all 
samples, the efficiency was approximately 70 percent. 
For ternary SNARE complex formation in the membrane, Sso1pHT reconstituted 
vesicles were mixed with Sec9c in a molar ratio of 1:4 and then incubated at room 
temperature for 60 minutes to help the formation of the binary t-SNARE complex. Next, 
Snc2ps was added, forming the ternary SNARE complex with the final Sso1p to Snc2ps 
molar ratio of 1:4. The mixture was incubated at room temperature for 1–5 hours. The 
vesicle solution was concentrated using a 100-kDa cutoff centrifugal filter (Millipore) 
before taking an EPR spectrum. As for SNARE assembly in detergent, the procedure was 
the same as described above except that all three proteins were directly mixed in a 
detergent solution and were concentrated using a 5-kDa cutoff centrifugal filter 
(Millipore) after a 30-minute incubation. 
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EPR Data Collection—EPR spectra were collected using the Bruker ESP 300 
spectrometer equipped with a loop-gap resonator. The modulation amplitude was set at 
no greater than one-fourth of the line width. Spectra were collected at room temperature.  
Proteoliposome Fusion Assay—For the lipid-mixing fusion assay, two different 
populations of vesicles were separately prepared. Snc2p was reconstituted to vesicles 
containing POPC, DOPS, 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N- (lissamine 
rhodamine B sulfonyl), and 1,2-dioleoyl-sn-glycero-3- phosphoethanolamine 
N-(7-nitro-2,1,3-benzoxadiazol-4-yl) at a molar ratio of 62:35:1.5:1.5. Sso1pHT was 
reconstituted into the vesicles containing POPC and DOPS at a molar ratio of 65:35. The 
protein-to-lipid molar ratio was approximately 1:150. The detergent in the sample was 
removed by Bio-Beads at three cycles, and then the samples were dialyzed against two 
liters of dialysis buffer at 4°C overnight. Prior to the fusion assay, Sso1pHT-reconstituted 
vesicles, Sec9c, and Snc2p-reconstituted vesicles were mixed at a molar ratio of 9:9:1. 
The final solution contained 0.5 mM lipids. Fluorescence was measured at excitation and 
emission wavelengths of 465 and 530 nm, respectively. Fluorescence changes were 
recorded with a Varian Cary Eclipse model fluorescence spectrophotometer using a 
quartz cell of 100 μl with the 2-mm path length. The maximum fluorescence intensity 
(MFI) was obtained by adding 0.1% reduced Triton X-100. Theoretically, the MFI should 
be obtained at the end of the fusion reaction, in which dyes are distributed 
homogeneously on every vesicle as a result of the completion of the fusion reaction. As 
an approximation, we prepared the samples with the homogeneous distribution of dyes. 
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The fluorescence intensities of these samples were measured and compared with those 
obtained at the onset of the fusion reaction. We found that the MFIs obtained by adding 
0.1% reduced Triton X-100 were virtually the same as those obtained with the latter 
method. All lipid mixing experiments were carried out at 35°C. 
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Figures and Captions 
 
 
Figure 1. Primary structures of recombinant yeast SNAREs. 
(a). Sso1pHT contains the amino acids 185–290 of Sso1p. This polypeptide includes both 
the SNARE motif and the transmembrane domain, which are represented by the cylinder 
and the rectangle, respectively. The amino acid sequence of the spin-labeled region is 
shown below the schematic diagram. 
(b). Snc2pS is the soluble part of Snc2p (amino acids 1–93) lacking the transmembrane 
domain (the dotted rectangle). 
(c). Sec9c represents amino acids 401–651 of Sec9 and contains two SNARE motif 
regions. The SNARE motif regions are represented by the cylinders. 
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Figure 2. EPR assay of SNARE complex formation. 
(a). EPR spectra for reconstituted Sso1pHT. 
(b). EPR spectra for detergent-solubilized Sso1pHT after mixing with the 4-fold molar 
excess Sec9c and Snc2pS. 
(c). EPR spectra for reconstituted Sso1pHT after mixing with the 4-fold molar excess of 
Sec9c and Snc2pS. The letters (a–g) in the parentheses after the residue number 
represent the predicted heptad repeats of the coiled coil. The arrows indicate the sharp 
spectral component, whereas the asterisk points to the broad spectral component. All 
EPR spectra were taken at 20°C. 
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Figure 3. The EPR spectral analysis of local SNARE assembly. 
EPR spectra of spin-labeled Sso1pHT are composed of two components. The sharp one 
represents the unstructured, and the broad one represents the structured. For each 
spin-labeled position, the composite spectrum can be treated as the sum of the sharp 
spectrum and the broad spectrum in an appropriate ratio. The standard spectral 
decomposition analysis (34) provides the fraction of Sso1pHT in the complex (fcomplex) 
and in an unstructured form (ffree). For each mutant, the fraction complex was calculated 
from the equation [fcomplex/(ffree + ffree)]: Sso1pHT in the membrane (open triangles), the 
ternary SNARE complex in the detergent (open circles), and the ternary SNARE complex 
in the membrane (filled triangles). The solid lines are arbitrary fits to guide the eyes. For 
each data point, the error bar represents the standard deviation of the results from three 
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independent decomposition analyses. 
 
 
 
Figure 4. Fusion activities of nitroxide- and cysteine-scanning mutants of Sso1pHT. 
The fusion activities of the Sso1pHT mutants were determined using proteoliposome 
lipid-mixing fusion assay: spin-labeled mutants (filled circles) and cysteine mutants 
(filled triangles). For each mutant, the relative fusion efficiency was estimated by 
comparing the percent of its MFI (see "Experimental Procedures") with that of the wild 
type. Residue 224 (boxed) is the conserved glutamine in the 0 layer. The letters a and d 
below the data points in the C-terminal region denote the predicted internal positions of 
the heptad repeats. 
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Figure 5. Lipid-mixing assay for the proline mutants of Sso1pHT. 
The curves represent the lipid mixing when the wild type or proline mutants (A231P, 
A238P, A245P, and A252P) of Sso1pHT were used in the proteoliposome fusion assay. 
The data were normalized against MFI obtained by adding 0.1% (v/v) reduced Triton 
X-100. 
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CHAPTER 3: THE SNARE COMPLEX FROM YEAST IS 
PARTIALLY UNSTRUCTURED ON THE MEMBRANE  
A paper published in Structure, 2008, vol 16, 1138-1146 
Zengliu Su, Yuji Ishitsuka, Taekjip Ha, and Yeon-Kyun Shin 
 
Abstract 
Molecular recognition between cognate SNAREs leads to the formation of a four-helix 
bundle, which facilitates vesicle docking and membrane fusion. For a SNARE system 
involved in trafficking in yeast, the target membrane (t-) SNARE Sso1p and the vesicle 
associated (v-) SNARE Snc2p contribute one SNARE motif each, while another 
t-SNARE, Sec9, donates two N-terminal and C-terminal SNARE motifs, SN1 and SN2, 
to the helical bundle. Using EPR it is found that SN2 has a tendency to be uncoiled, 
leaving a significant population of the SNARE complexes to be partially unstructured on 
the membrane. In sharp contrast, SN2 is fully engaged in the four-helix bundle when 
removed from the membrane, showing that the membrane is the main destabilizing factor. 
Helix-breaking proline mutations in SN2 did not affect the rate of docking but reduced 
the rate of lipid mixing significantly, indicating that SN2 plays an essential role in 
activating the transition from docking to fusion. 
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Introduction 
 
A wide variety of cellular processes, including trafficking of newly synthesized proteins, 
release of neurotransmitters and hormones, and fertilization, require membrane fusion 
(Jahn and Südhof, 1999; Rothman, 1994). A highly conserved family of proteins termed 
SNAREs (soluble N-ethyl maleimide sensitive factor attachment protein receptors) is 
known to mediate exocytotic membrane fusion (Brunger, 2005; Jahn et al., 2003; Jahn 
and Scheller, 2006; Lin and Scheller, 2000; McNew et al., 2000; Sollner et al., 1993; 
Ungar and Hughson, 2003). All SNARE proteins have the SNARE motifs, which are 
about 65–70 amino acid-long coiled coil sequences (Fasshauer et al., 1998; Poirier et al., 
1998a; Weimbs et al., 1998). The SNARE motif of the vesicle-associated (v-) SNARE 
engages with those of the target membrane (t-) SNAREs to form a helical bundle 
structure (Hanson et al., 1997; Katz et al., 1998; Lin and Scheller, 1997).  The structures 
of SNARE complexes involved in the neurotransmitter release, endocytosis in 
mammalian cells, and trafficking in yeast have been determined and found that they all 
have similar four-stranded coiled coil structures (Antonin et al., 2002; Furst et al., 2003; 
Poirier et al., 1998b; Strop et al., 2007; Sutton et al., 1998).   
Although the coiled coil structure may be shared by nearly all SNARE systems, the 
structures are determined by employing the soluble parts of SNAREs lacking the 
transmembrane domains. Interestingly, however, a previous EPR study on yeast SNAREs 
raised the possibility that the membrane could influence the integrity of the coiled coil 
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structure (Zhang et al., 2005). The results showed that the C-terminal part of the SNARE 
motif of membrane-anchored t-SNARE has a tendency to be uncoiled in the membrane 
bound state. 
Formation of the coiled coil may proceed in multiple steps. The ‘zipper model’ predicts 
that an association of t- and v-SNAREs starts from the N-terminal region and propagates 
towards the membrane-proximal C-terminal region, facilitating the stepwise apposition of 
two membranes. There is indirect biochemical and biophysical evidence that supports the 
zipper model (Chen et al., 2001; Fiebig et al., 1999; Hua and Charlton, 1999; Melia et al., 
2002; Pobbati et al., 2006; Sørensen et al., 2006; Xu et al., 1999).  However, the 
structure of the partially zipped complex has been illusive. 
A SNARE family involved in golgi-to-plasma membrane trafficking in yeast is one of 
the best characterized SNARE systems biochemically and biophysically (Aalto et al., 
1993; Brennwald et al., 1994; Chen et al., 2004; Ferro-Novick and Jahn, 1994; 
Protopopov et al., 1993; Xu et al., 2005; Yoon, 2006). Sso1p and Sec9 are the heavy and 
light chains of t-SNAREs, respectively, while Snc2p is the vesicle-anchored v-SNARE. 
In this work, we investigated the structure of the membrane-anchored SNARE complex 
using EPR (Hubbell et al., 1998). We were particularly concerned with the conformation 
of two N- and C-terminal SNARE motifs of Sec9 SN1 and SN2. The EPR analysis 
revealed that SN2 has a tendency to be fully uncoiled, leaving a significant fraction of 
SNARE complexes partially unstructured. Combining the previously published data 
(Zhang et al., 2005) and the data from the present work, we built a model for the partially 
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formed complex on the membrane, which may represent a folding intermediate in the 
pathway of SNARE assembly. 
Further, to dissect the functions of SN1 and SN2 of Sec9 in SNARE assembly and 
membrane fusion, two helix-breaking proline mutations were introduced to SN2.  The 
effect of proline mutations on docking and fusion was examined with fluorescence 
resonance energy transfer (FRET) that employs fluorescence-labeled SNAREs, 
fluorescence lipid-mixing assay, and the newly developed single-vesicle fusion assay 
(Yoon, 2006). The combined analyses revealed that the proline mutations did not affect 
the rate of docking but they reduced the rate of fusion significantly, indicating that SN2 
controls the activation of fusion. 
In summary, the EPR analyses show that part of the SNARE complex involved in 
trafficking in yeast can unfold to a significant extent on the membrane, suggesting that 
the stability of the SNARE complex is marginally low. The results are contradictory to 
the notion that the SNARE complex is the fusion machine that provides the energy 
required to overcome the high fusion energy barrier. 
 
Results 
 
Site-Directed Spin Labeling of the SNARE Complex on the Membrane   
To investigate the global conformation of SN1 and SN2 of Sec9c (amino acids 401-651 
of Sec9) by itself in solution as well as in the SNARE complex, we prepared 10 cysteine 
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mutants, five each in SN1 (Q452C, G466C, N473C, K487C, and A494C) and SN2 
(D599C, N606, D620C, N627C and H641C) (Figure 1). The selected residues are all at 
the predicted ‘b’ position in the heptad repeats of the Sec9 SNARE motifs (Figure 1D). 
The fully exposed ‘b’ positions are chosen to minimize the potential perturbations to the 
integrity of the SNARE complex due to the nitroxide side chain. The cysteine mutants 
were derivatized with methanethiosulfonate spin label (MTSSL). 
The EPR line shape is sensitive to the motional rate of the nitroxide (Kweon et al., 
2003; Schneider, 1989). The sharp EPR spectra typical for the nitroxide attached to a 
freely diffusing random coil were observed for all ten positions for Sec9c alone in 
solution (Figures 2A and 2C). The results indicate that both SN1 and SN2 motifs are 
unstructured prior to complex formation.  
 
The C-terminal SNARE Motif (SN2) of Sec9 Has Tendency to be Unstructured  
In order to prepare the ternary SNARE complex, the labeled Sec9c mutants were mixed 
with the two-fold molar excess of soluble Snc2p (Snc2pS: amino acids 1-93) and 
membrane-bound Sso1pHT (amino acids 185-290 of Sso1p lacking the regulatory Habc 
domain) (Figure 1). Sso1pHT was reconstituted into the vesicles made of 
1-palmitoyl-2-dioleoyl-sn-glycero-3-phosphatidylcholine (POPC) and 1,2-dioleoyl-sn 
-glycero-3-phosphatidylserine (DOPS) in molar ratio of 65:35. The EPR spectra of the 
SN1-labeled mutants became much broader when compared with those taken before 
complex formation, reflecting the retarded motion of the nitroxides due to helix formation 
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(Figure 2B). The EPR spectra still had small sharp components, which most likely 
represented the uncomplexed species. The spectral subtraction analysis (Thorgeirsson et 
al., 1996) revealed that about 10% of SN1 are not engaged in complex formation. 
For the SN2-labeled mutants, however, the sharp component appears to be much bigger, 
indicating that a large fraction of SN2 do not participate in complex formation (Figure 
2D). The spectral subtraction analysis showed that approximately 60% of SN2 was in an 
unstructured conformation. The fraction unstructured for SN2 did not change at various 
molar ratios of Sec9c to Sso1pHT and Snc2p, suggesting that unstructured SN2 is neither 
due to the insufficient numbers of the binding partners nor due to intermolecular 
equilibrium (Figure 1S). Therefore, the results suggest that as much as one out of two 
SNARE complexes has unstructured SN2, even though SN1 is fully engaged with other 
SNARE motifs. An alternative possibility, although less likely, is that SN2 is bound to the 
coiled coil full time but partially, and different parts alternates its attachment to the coiled 
coil. 
In contrast, previous NMR and crystallographic studies from Brunger’s group have 
shown that all SNARE motifs from t- and v-SNAREs are fully engaged with each other 
to form a complete four helical bundle when the recombinant SNARE motifs were used 
(Fiebig et al., 1999; Strop et al., 2007). To verify if destabilization of SN2 is mainly due 
to the presence of the membrane, we collected the EPR spectra of SNARE complexes 
with the SN2-labed mutants in detergent solutions (Figure 2E). As expected, we observed 
full participation of SN2 in four-helix bundle formation within experimental 
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uncertainties. 
To further investigate the structure of the ternary SNARE complex from yeast, we 
prepared five cysteine mutants (Q33C, N47C, E54C, D61C, and I68C) of soluble 
v-SNARE Snc2pS and the mutants were labeled with MTSSL. This time, the predicted 
‘f’ positions in the SNARE motif were chosen as the labeling sites (Figures 1A and 1D). 
The EPR line shapes of the mutants were all sharp, reflecting the freely diffusing random 
coil prior to complex formation (Figure 2F). When the spin-labeled mutants were 
combined with membrane-bound Sso1pHT and Sec9c, the EPR line shapes for all 
mutants experienced dramatic broadening reflecting the helical conformation (Figure 2G). 
Therefore, the results show that the SNARE motif of Snc2p is fully involved in complex 
formation. 
 
A Structural Model for the Partially Assembled SNARE Complex 
The EPR results show that about 50% of SNARE complexes have a partially frayed 
conformation in which SN2 of Sec9c is completely uncoiled while SN1 and Snc2p are 
fully structured in the coiled coil. As for the secondary structure of transmembrane 
t-SNARE Sso1p is concerned, a previous EPR study revealed that the C-terminal half of 
the SNARE motif has a strong tendency to be uncoiled (Zhang et al., 2005). In fact, it 
was shown that about 50% of SNARE complexes carry the partially unstructured Sso1p 
SNARE motif.  
A structural model for the partially assembled complex is shown in Figure 3A. In this 
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model, we speculate that Sso1p, SN1, and Snc2p form a three-stranded coiled coil in the 
membrane-distal N-terminal region (see the inset in Figure 3A). In the 
membrane-proximal C-terminal region, however, only SN1 and Snc2p intertwine to form 
a two-helix bundle. The extensive interaction between SN1 and Snc2p throughout the 
entire length appeared to be quite different from that in the fully assembled four-helix 
bundle. In the crystal structure of the SNARE core, SN1 and Snc2p are located at 
opposite sides and make only limited contacts (Figure 3B). Therefore, binding of SN2 to 
this partial complex would involve weakening of the interaction between SN1 and Snc2p, 
which opens up a crevice for SN2 to fit in between. In addition, we expect that the 
partially formed SNARE complex is in equilibrium with the four-helix bundle with little 
free energy difference between two conformations. 
 
SN2 of Sec9 may not be Essential for Docking  
Previously, An and Almers proposed that in PC 12 cells SN2 of SNAP-25 might play a 
role in docking of vesicles (An and Almers, 2004).  However, the structural model for 
the partially formed complex (Figure 3A) suggests that docking can be achieved without 
the involvement of SN2. To further test if SN2 is involved in docking for yeast SNAREs, 
we prepared two proline mutants, L626P and L647P in SN2. These are the internal ‘a’ 
positions of the heptad repeats and are chosen to maximally disrupt the interaction of 
SN2 with other SNARE motifs (Figure 1D). 
Docking was measured with fluorescence resonance energy transfer (FRET) 
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employing dye-labeled SNAREs. The N-terminal residues, amino acid 185 of t-SNARE 
Sso1pHT and amino acid 13 of full length v-SNARE Snc2p (amino acids 1-115), were 
changed to cysteines, and the cysteine mutants were labeled with fluorescence donor Cy3 
and acceptor Cy5, respectively. Labeled Sso1pHT and labeled Snc2p were reconstituted 
into two separate populations of vesicles made of POPC and DOPS in a molar ratio of 
65:35. Docking was conveniently induced by adding wild-type Sec9c or the proline 
mutants to the mixture of t-SNARE vesicles and v-SNARE vesicles. When docking 
happens, the t-SNARE captures the v-SNARE and the distance between the Cy3 on 
Sso1pHT and Cy5 on Snc2p decreases greatly, which results in the increase of FRET. 
Without Sec9c, the FRET efficiency defined as IA/(IA+ID), where IA and ID are the 
acceptor and the donor fluorescence intensities respectively, was negligible (Figure 4A, 
black line). Addition of wild-type Sec9c increased E rapidly in time (Figure 4A, red line), 
reporting docking of v- and t-SNARE vesicles.  Interestingly, when the proline mutants 
were used, the efficiency and the kinetics of docking were nearly identical to those of the 
wild-type Sec9c (Figure 4A, blue and purple lines). Therefore, the results suggest that 
SN2 of Sec9c is not involved in docking. We however note that this tentative conclusion 
must be verified further with the SN2-deletion mutant. 
 
SN2 of Sec9c Plays a Role in Activating Membrane Fusion 
For neuronal SNAREs involved in transmitter release, SN2 of SNAP-25, the neuronal 
counterpart of Sec9, is the target of botulinum neurotoxins (BoNTs), which are the major 
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naturally occurring inhibitors of the transmitter release (Binz et al., 1994; Blasi et al., 
1993; Chen and Barbieri, 2006; Niemann et al., 1994). BoNT E cuts the N-terminal 
region of SN2 between residues 180 and 181, which completely abrogates exocytosis, 
and BoNT A removes the last nine residues from the C-terminal end of SN2, partially 
inhibiting the release.  For yeast SNAREs, we ask now if SN2 of Sec9 plays a similar 
role in activating membrane fusion. If so, we expect that the aforementioned proline 
mutants of Sec9c will impair membrane fusion significantly. To test this hypothesis, the 
fluorescence lipid-mixing assay was used to measure the fusion activity of the proline 
mutants (McNew et al., 2000; Weber et al., 1998; Xu et al., 2005). This time, we 
incorporated 1.5 mole % each of fluorescent lipids, NBD-PS and rhodamine-PE in the 
v-SNARE vesicles. In the lipid-mixing assay, membrane fusion resulted in the recovery 
of NBD fluorescence due to the increase of the average distance between the fluorescence 
donor and the acceptor.  
Little lipid mixing was observed in the absence of Sec9c, confirming that Sec9 is 
absolutely required for membrane fusion (Figure 4B, black line). In the presence of the 
wild type Sec9c, lipid mixing reached 40% of the maximum fluorescence intensity after 
one hour of the fusion reaction. However, with the two proline mutants, the fusion 
activity was much reduced. Quantitatively, the initial rates of lipid mixing for L626P and 
L647P were only one-fourth and one-eighth of that for wild-type Sec9c, respectively 
(Figure 4B, blue and purple lines). Therefore, the results support that the SN2 of Sec9 
play a key role in activating membrane fusion. 
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Single-Vesicle Fusion Assay Supports that SN2 of Sec9 is Essential for the Transition 
from Docking to Fusion 
The recently developed single-vesicle fusion assay was used to further investigate the 
function of Sec9 SN2 (Yoon, 2006).  The v-SNARE vesicles were made by 
reconstituting Snc2p into the vesicles that were doped with the lipid fluorescence 
acceptor 1,1’-dioctadecyl-3,3,3’,3’,-tertramethyl-indodicarbo-cyanine perchlorate (DiD, 2 
mol%) and the biotinylated lipid (0.1 mol%). The v-SNARE vesicles were immobilized 
on a PEG-coated quartz surface in a flow cell through the biotin-neutravidin conjugation. 
On the other hand, t-SNARE Sso1pHT was reconstituted into a separate population of 
vesicles that contained the lipid fluorescence donor 
1,1’-dioctadecyl-3,3,3’,3’,-tertramethylindocarbocyanine perchlorate (DiI, 2 mol%). 
Sec9c was added separately to the Sso1pHT vesicles to make the t-SNARE vesicles. The 
t-SNARE vesicles were flown into the flow cell at 25 pM concentrations at 37oC. The 
low concentration of t-SNARE vesicles was intended to minimize the interaction of 
multiple t-SNARE vesicles with single v-SNARE vesicles.  
Docking of a t-SNARE vesicle to a surface-tethered v-SNARE vesicle can be clearly 
distinguished from subsequent fusion and other intermediate steps by observing an abrupt 
increase of the donor fluorescence intensity, ID (Yoon, 2006). After 20 minute incubation, 
unbound t-SNARE vesicles were removed by flow washing. The docking probability was 
obtained by dividing the total number of the t-SNARE vesicles by the average number of 
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the v-SNARE vesicles in an imaging area. The docking probability for the wild-type 
Sec9c was 19% and those of the two proline mutants were 21% and 23%, respectively 
(Figure 5E). Therefore, the results again show that SN2 of Sec9 may not be essential in 
vesicle docking. 
Lipid mixing due to fusion led to an increase in FRET efficiency, E. For our 
convenience, we analyzed the FRET distribution 20 minutes after the start of the fusion 
reaction. In the absence of the Sec9c, we observed an E distribution that was centered at 
approximately 0.1 and mostly less than 0.25. The low E value suggested that some v- and 
t-SNARE vesicle pairs made close contact without lipid mixing (Figure 5A). In contrast, 
when Sec9c was included (Sec9c/Sso1pHT = 1:1), approximately 61% of vesicle pairs 
showed the E values greater than 0.5 (Figure 5B), indicating that extensive membrane 
fusion occurred. For the proline mutant L647P, the population of E above 0.5 was 
reduced to 19% (Figure 5D), showing that the proline mutation made significant impact 
on the fusion activity of SNAREs.  For L626P (Figure 5D), the disturbing effect of the 
proline mutation was somewhat milder than that of L647P. The results might suggest that 
C-terminal region of SN2 is more critical for fusion than the N-terminal region, which is 
consistent with the results of bulk fusion assay in which L647P was twice more disruptive 
than L627P (Figure 4B). Therefore, again, single-vesicle fusion assay suggests that SN2 
of Sec9 may not be essential for docking but important for fusion. 
 
Discussion 
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For yeast SNAREs, the EPR analysis revealed that a partially assembled complex 
coexists with the complete four-helix bundle on the membrane. A striking feature of the 
partial complex is that the entire SN2 is unstructured and moves freely in solution.  The 
EPR analysis revealed that the destabilization of SN2 is mainly due to the presence of the 
membrane. Moreover, it is likely that the C-terminal half of the Sso1p SNARE motif is 
unstructured, too (Zhang et al., 2005). Our previous EPR results showed that the 
membrane destabilizes the complex and causes the C-terminal region of Sso1p to 
dissociate from the rest of the helical bundle (Zhang et al., 2005). 
How can the membrane disrupt the SNARE complex structurally? The membrane 
proximal region of t-SNAREs is rich in positively charged amino acids.  It was 
previously shown that the basic region can insert into the membrane near the head 
group/acyl chain interface as a random coil (Kim et al., 2002; Kweon et al., 2002). In this 
conformation, the positive charges could snorkel out and the hydrophobic residues could 
insert into the acyl chain region to maximize the binding energy. We expect that 
membrane binding would compete with coiled coil formation and such competitive 
membrane binding would force the four-helix bundle to partially unfold and refold 
(Figure 3). The stability of the yeast SNARE complex is intrinsically low with a 
water-filled cavity in the core region (Munson et al., 2000; Strop et al., 2007). Therefore, 
it would not take much energy to disturb such a marginally stable structure.  
As the partial complex is in equilibrium with the full four-helix bundle, it is 
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reasonable to assume that the partial complex observed in this work (Figure 3A) may 
represent a folding intermediate in the SNARE assembly pathway. The structural model 
for the folding intermediate based on EPR is somewhat different from the hypothetical 
“partially zipped complex” that was previously envisioned with the limited experimental 
data (Hua and Charlton, 1999; Melia et al., 2002; Sørensen et al., 2006). The zipper 
model predicted that this intermediate state has the intact four-helix bundle in the 
N-terminal half, but has the fully unstructured C-terminal half. 
Two principal interactions hold the partial complex together.  First, the N-terminal 
half of the Sso1p SNARE motif associates with SN1 of Sec9 and the Snc2p SNARE 
motif to form the three-helix bundle in the N-terminal region. Second, SN1 of Sec9 
engages with Snc2p through the entire length of the SNARE motifs to maintain the 
two-stranded coiled coil in the C-terminal half.  Therefore, it appears that SN1 of Sec9 
plays a principal role in binding to v-SNARE Snc2p. For neuronal SNAREs, An and 
Almers showed that in PC12 cells SN2 of SNAP-25 in the binary complex of t-SNAREs 
Syntaxin 1A and SNAP-25 remains unstructured (An and Almers, 2004). They 
hypothesized that unstructured SN2 play a role in capturing v-SNARE VAMP2. In 
contrast, however, our results suggest that SN2 may not be essential for binding to 
v-SNARE, although this hypothesis must be tested further with the SN2-deletion mutant.  
The results show SN2 of Sec9 plays an essential role in activating membrane fusion. 
The helix-breaking proline mutants in this domain greatly reduced the fusion activity, 
indicating that SN2 must be incorporated into the SNARE core to drive membrane fusion. 
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Why is the SN2 helix required for fusion, even though it is not membrane anchored? The 
key structural element that draws our attention is the C-terminal region of Sso1p that is 
predicted to be unstructured as well in the intermediate complex (Figure 3A).  If this 
region remains to be unstructured, it will confer too loose an attachment of one 
membrane to another for fusion to occur. Therefore, we speculate that helix formation of 
SN2 must be coupled to the conformational change of the C-terminal region of Sso1p.  
We envision the incorporation of SN2 into the SNARE core induces helix formation of 
the C-terminal region of Sso1p, which allows formation of a complete four-helix bundle. 
Formation of the complete four-helix bundle would drive close apposition of two 
membranes, facilitating the fusion. In cells, binding of a SM protein Sec1p to the SNARE 
core would stabilize the four-helix bundle (Togneri et al., 2006), which would facilitate 
membrane fusion.  This new mechanistic model for SNARE assembly and membrane 
fusion is not in conflict of the previous zipper model (Sørensen et al., 2006) in its essence, 
but provides a molecular picture detailing the conformational changes of the SNARE 
complex in the process. 
The most striking feature of the SNARE complex is the four stranded coiled coil that 
may be conserved throughout all SNARE systems (Fasshauer et al., 1998; Skehel and 
Wiley, 1998; Weimbs et al., 1997). The SNARE coiled coil is thought to be the central 
part of the fusion machinery that provides the necessary energy to overcome the fusion 
energy barrier (Jahn and Scheller, 2006; Sutton et al., 1998; Ungar and Hughson, 2003). 
Our EPR analysis, however, shows that the four-helix bundle is not stable and can be 
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easily converted to the partially structured complex. Therefore, the results cast doubts on 
the generality of the idea that the SNARE core is the fusion machine releasing the energy 
required to overcome the fusion energy barrier. Alternatively, it is possible that the 
SNARE complex plays a setup role in arranging the lipids in the right geometry for 
hemifusion and pore formation to occur (Jun et al., 2007). Although speculative, the 
fusion energy barrier might not be as high as what has been predicted from the lipid-stalk 
model in which the protein components are not considered. We expect that the presence 
of several SNARE transmembrane domains (TMDs) in the active zone will reduce the 
fusion energy significantly. The SNARE TMDs are enriched with β-branching amino 
acids, which will help frustrate lipid molecules to be susceptible for remodeling. 
In summary, our structural EPR and the fluorescence results on SNARE-mediated 
membrane fusion shed a light on the mechanism by which Sec9 controls vesicle docking 
and fusion. Vesicle docking could occur without the intimate involvement of SN2 of Sec9. 
However, SN2 is found to be essential in activating membrane fusion. Perhaps, the 
conformational change of SN2 is required to complete the zipping of the C-terminal 
region of Sso1p SNARE motif. Therefore, the SN1 and SN2 of Sec9 appear to work 
sequentially to activate the vesicle docking and fusion.  
 
 
 
Experimental Procedures 
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Protein Sample Preparation  
Plasmid construction, mutagenesis, protein expression, purification, and spin labeling for 
yeast SNAREs were described in detail elsewhere (Chen et al., 2004). In brief, Sso1pHT 
(amino acids 185-290), for which the N-terminal α-helical Habc domain was deleted, 
soluble v-SNARE Snc2pS (amino acids 1-93 of Snc2p), and full-length Snc2p (amino 
acids 1-115) were expressed as the N-terminal glutathione S-transferase (GST) fusion 
proteins. Sec9c (amino acids 401-651 of Sec9) was expressed as a C-terminal His6-tagged 
protein. The QuikChange site-directed mutagenesis kit (Stratagene) was used to produce 
the cysteine as well as the proline mutants. The DNA sequences were confirmed by the 
Iowa State University DNA Sequencing Facility. 
Recombinant proteins were expressed in Escherichia coli. Rosetta (DE3) pLysS 
(Novagen). His6-tagged Sec9c was purified using the Ni-NTA agarose beads (Qiagen). 
The beads were washed with washing buffer (Hepes buffer with 20 mM immidazole, pH 
7.4), and the protein was eluted by the elution buffer (Hepes buffer with 150 mM 
immidazole, pH 7.4). The glutathione-agarose beads (Sigma) were used to purify 
Sso1pHT, full-length Snc2p, and Snc2pS. The protein-bound GST beads were washed 
excessively with the washing buffer (PBS, pH7.4) and then protein was cleaved by 
thrombin in the cleavage buffer (50 mM Tris-HCL, 150mM NaCl, pH 8.0). We added 
0.8% n-Octylglucoside (OG) in the cleavage buffer for Sso1pHT and full-length Snc2p. 
The purified proteins were examined by SDS-PAGE, and the purity was at least 90% for 
72 
all SNARE proteins. 
Cysteine mutants for Sec9c and Snc2pS were spin labeled while the protein was still 
bound to the beads. After the protein-bound beads were washed with excessive washing 
buffer, approximately 20-fold excess of (1-oxyl-2,2,5,5 tetramethylpyrrolinyl -3 -methyl) 
methanethiosulfonate spin label (MTSSL) was added to the column, and the reaction 
mixture was left overnight at 4oC. Labeling Sso1pHT and Snc2p cysteine mutants with 
the fluorescence labels was carried out after the thrombin cleavage. Sso1pHT E185C and 
Snc2p P13C were labeled with Cy3 and Cy5 maleimide (Amersham), respectively. The 
free dye was removed using the PD-10 desalting columns (Amersham). 
 
Membrane Reconstitution and Complex Formation 
The mixture of POPC (1-palmitoyl-2-dioleoyl-sn-glycero -3-phosphatidylcholine) and 
DOPS (1,2-dioleoyl-sn-glycero-3-phosphatidylserine) (molar ratio of 65:35) in 
chloroform was dried in a vacuum and was resuspended in a buffer (25mM HEPES/KOH, 
100 mM KCl, pH 7.4) to make the total lipid concentration about 50 mM. Protein-free 
large unilamellar vesicles (~100 nm in diameter) were prepared by extrusion through 
polycarbonate filters (Avanti Polar Lipids). For the lipid-mixing assay, the vesicles 
containing POPC, DOPS, NBD-PS (1,2-dioleoyl-sn-glycero-3- 
phosphoserine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl)), and rhodamine-PE (1,2- 
dioleoyl-snglycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl)) in the 
molar ratio of 62:35:1.5:1.5 were prepared following the procedure described above, and 
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the final lipid concentration was approximately 10 mM. For the single-lipid mixing assay, 
the POPC/DOPS (65/35) vesicles were made by the same extrusion method except that 
the t-SNARE vesicles contained 2 mol% DiI and the v-SNARE vesicles contain 2 mol% 
DiD and 0.1 mol% biotinylated lipid. 
SsoHT were mixed with vesicles at a lipid/protein molar ratio of 100 at 4°C for 20 
minutes. The protein/lipid mixture was diluted two times to make the concentration of 
OG below the critical micelle concentration.  The mixture was then dialyzed overnight 
against a dialysis buffer (25 mM HEPES/KOH, 100 KCl, 5% (w/v) glycerin, pH 7.4) at 
4°C.  
For complex formation, Sec9c was mixed with reconstituted SsoHT and Snc2pS in a 
molar ratio of 1:2:2. The mixture was incubated at room temperature for 60 minutes. The 
vesicle solution was concentrated using a 100-kDa cutoff centrifugal filter (Millipore) 
before the EPR measurement.  The final protein concentration for EPR was 
approximately 50μM. 
 
EPR Data Collection 
The EPR spectra were obtained using a Bruker ESP 300 spectrometer (Bruker, Germany) 
equipped with a low-noise microwave amplifier (Miteq, Hauppauge, New York) and a 
loop-gap resonator (Medical Advances, Milwaukee, Wisconsin). The modulation 
amplitude was set to be no greater than one-fourth of the line width. The spectra were 
collected at room temperature in first-derivative mode with 1 mM microwave power. 
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FRET Assay of SNARE Assembly  
Fluorescence-labeled Sso1pHT and Snc2p were reconstituted into two separate 
populations of POPC/DOPS vesicles in a lipid/protein ratio of 100:1, respectively. 
Reconstituted SsoHT, Sec9c and reconstituted Snc2p were mixed at a molar ratio of 1:1:1. 
The total lipid concentration in the reaction was 0.4 mM. Fluorescence intensity was 
monitored in two channels with the excitation wavelength of 545 nm and emission 
wavelengths of 570 and 668 nm, respectively. Fluorescence changes were recorded with a 
Varian Cary Eclipse model fluorescence spectrophotometer using a quartz cell of 100 μL 
with a 2 mm path length. All measurements were carried out at 35oC. 
 
Fluorescence Lipid-Mixing Assay 
Sso1pHT was reconstituted into the POPC/DOPS vesicles while Snc2p was reconstituted 
into a separate population of POPC/DOPS vesicles doped with 1.5 mol% each NBD-PE 
and rhodamin-PS.  The lipid to protein molar ratio was 100:1. The fusion reaction was 
conveniently initiated by adding Sec9c to the mixture of two vesicle populations. The 
final reaction solution contained approximately 0.5 mM lipids. Fluorescence was 
measured at the excitation and emission wavelengths of 465 and 530 nm, respectively. 
The fluorescence changes were recorded with the same instrument under the same 
conditions described above. The maximum fluorescence intensity (MFI) was obtained by 
adding 1% (v/v) reduced triton x-100 (Sigma). 
75 
 
Single-Vesicle Fusion Assay  
The single-vesicle fusion assay was performed as previously described (Yoon, 2006). 
Briefly, the Snc2p-reconstituted vesicles were immobilized on a PEG-coated quartz 
surface through the biotin-neutravidin conjugation. The Sso1pHT vesicles were mixed 
with Sec9c in a molar ratio of 1:1, diluted to a final vesicle concentration of 25 pM to 
make the t-SNARE vesicles. The t-SNARE vesicles were flown into the flow cell to 
induce fusion on the surface. The flow cell was incubated at 37oC for 20 minutes prior to 
data acquisition. The single-fusion events were monitored in a prism-type total-internal 
reflection fluorescence microscope (IX70, Olympus) by using an electron-multiplying 
charge-coupled device camera (iXon DV 887-BI, Andor Technology). Fluorescence data 
was acquired with custom Visual C++ (Microsoft) routines, and donor and corresponding 
acceptor intensities were obtained through running IDL (Research Systems, Boulder, CO) 
programs. 
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Figures and Captions 
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Figure 1 Primary Structures of Recombinant Yeast SNAREs.  
(A) Soluble Snc2pS contains amino acids 1-93 of Snc2p. Positions selected for 
site-directed spin labeling (SDSL) are marked by arrows.  
(B) Sso1pHT contains the amino acids 185-290 of Sso1p lacking the N-terminal 
regulatory Habc domain. This polypeptide includes both the SNARE motif and the 
transmembrane domain, which are represented by the cylinder and the rectangle, 
respectively.  
(C) Sec9c represents amino acids 401-651 of Sec9 and contains two SNARE motif 
regions, SN1 (amino acids 434-496) and SN2 (amino acids 588-651). The amino acids 
selected for SDSL are marked by arrows. SNARE motif regions are represented by the 
cylinders.  
(D) Schematic helical wheel model for the SNARE four-helix bundle. The heptad repeats 
a-g are shown. The labeled a, b, and f positions are marked with *. 
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Figure 2 EPR Spectra of the Spin-Labeled Sec9c and Snc2pS Mutants. 
The membrane-bound ternary SNARE complex is anchored to the membrane through the 
transmembrane domain of Sso1pHT. Soluble version of Snc2p Snc2pS was used as the 
v-SNARE. For each mutant, the percentage of complex formation was calculated from 
the equation [fcomplex /(fcomplex + ffree) × 100%]. The standard spectral decomposition 
analysis (Thorgeirsson et al., 1996) provides the fraction of the mutant in the complex 
(fcomplex) and in an unstructured form (ffree). 
(A and B) EPR spectra for spin-labeled SN1 of Sec9c in solution (A) and those in the 
membrane-bound ternary SNARE complex (B). 
(C, D and E) EPR spectra for spin-labeled SN2 of Sec9c in solution (C), those in the 
membrane-bound ternary SNARE complex (D), and in detergent-solubilized ternary 
SNARE complex (E). 
(F and G) EPR spectra for spin-labeled Snc2pS in solution (F) and those in the 
membrane-bound ternary SNARE complex (G).  
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Figure 3 Models for the Partially Assembled SNARE Complex and the Fully Assembled 
Four–Helix Bundle.  
(A) Partially assembled complex with the C-terminal region of Sso1pHT and the entire 
length of SN2 of Sec9c unstructured. (Inset) a diagram for a three-stranded coiled coil 
composed of Sso1p, SN1 and Snc2p. 
(B) Fully assembled four-helix bundle. The EPR analysis shows that A and B are nearly 
equally populated.  The SNARE proteins are color-coded: red, Sso1p; green, Sec9c; 
blue, Snc2p. The apposing membrane in gray is drawn arbitrarily to help speculate the 
trans SNARE complexes. (Inset) a diagram for a four-stranded coiled coil composed of 
Sso1p, SN1, SN2, and Snc2p. Both partially and fully assembled complexes were 
constructed based on the crystal structure (Sutton et al., 1998) with PyMOL. 
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Figure 4 FRET Assays of SNARE Assembly and Membrane Fusion.   
(A) FRET assay of trans SNARE assembly and vesicle docking. The fluorescence change 
was monitored in two channels with the excitation wavelength of 545 nm and the 
emission wavelengths of 570 and 668 nm, respectively. FRET efficiency E was defined 
as E = IA/ (IA+ID). Little fluorescence change was observed without Sec9c (black line). 
The reaction was initiated by adding wild type Sec9c (red line) or its proline mutants 
(L626C, blue line; L647C, purple line) to the mixture of t-SNARE vesicles containing 
Cy3-labeled Sso1pHT and the v-SNARE vesicles carrying Cy5-labeled Snc2p.  Labels 
were attached near the N-terminal tips.  
(B) Fluorescence lipid-mixing assay of SNARE-mediated membrane fusion. 
Fluorescence changes for lipid mixing were normalized with respect to the maximum 
fluorescence intensity (MFI) obtained by adding 0.1% reduced triton x-100. The black 
line represents the negative control in the absence of Sec9c. The red, blue, and purple 
lines represent the fluorescence changes after adding wild-type Sec9c, L626P, and L647P, 
respectively. The k values represent the initial rate of the fusion kinetics in units of 
89 
percent per sec. 
 
 
 
Figure 5 Single-Vesicle Assay of SNARE–Mediated Docking and Membrane Fusion 
Single-vesicle assay was performed between a surface tethered v-SNARE vesicle 
(acceptor dye) and a non-tethered t-SNARE vesicle (donor dye) with Sec9c and its 
proline mutants. Histograms represent the distribution of FRET signals from v- and 
t-SNARE vesicle mixing (after 20 minutes of incubation). The vesicle populations 
showing FRET efficiency below 0.5 and above 0.5 were assigned to be an unfused and 
fused population, respectively (Yoon et al., 2006).  The ratio between Sec9c (or proline 
mutant) to Sso1pHT was 1:1. These histograms were built by combining data from 26-44 
imaging locations and by analyzing 2507-9390 vesicles.  
(A to D) The distribution of the FRET efficiency in the absence of Sec9c (A), in the 
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presence of Sec9c (B), L626P (C) and L647P (D).  
(E) 3D overlay of histograms normalized to count per imaging area allows direct 
comparison and clearly shows the decrease of the fused population as a result of helix 
disruption of SN2.  
(Inset) the bar graph representing the docking probabilities for the wild-type and the 
proline mutants of Sec9c measured at t = 20 minutes. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
91 
CHAPTER 4: MOLECULE GLUE FOR LIPID VESICLES, 
NANO-EPOXY 
A paper submitted to Nanoletter, 2008 
Jiajie Diao15,, Tae-Young Yoon1,3,4,5, Zengliu Su2,5, Yeon-Kyun Shin2, Taekjip Ha1,3,*  
 
1. Department of Physics, University of Illinois at Urbana-Champaign, Urbana, Illinois 
61801, USA 
2. Howard Hughes Medical Institute 
3. Department of Biochemistry, Biophysics, and Molecular Biology, Iowa State 
University, Ames, Iowa 50011, USA 
4. Department of Physics and KAIST Institute for the BioCentury, KAIST, Yuseong-gu, 
Daejeon 305-701, Korea 
5. These authors contributed equally to this work. 
 
Abstract: Artificial particulate systems such as lipid vesicles are finding a variety of 
biomedical applications in drug delivery and drug targeting. For these applications, they 
would be more useful if they could be stabilized against fusion, and could be glued 
together upon need. Here we present a molecule glue for fast and specific binding of lipid 
vesicles. The high affinity of this glue to negatively charged lipid molecules at present of 
92 
calcium ions produces a tight bond between membranes.   
Lipid vesicles (liposomes) have a flexible, cell-like lipid bilayer surface that acts as a 
permeability barrier such that compounds can be entrapped in their aqueous interior. The 
surface of lipid vesicles is tremendously biofunctionalizable for attaching antibodies, 
protein receptors, and biosensor molecules. Liposome has been a good candidate for 
studying membrane proteins. (1)(2)(3). Furthermore, the compartments of vesicles can be 
used to encapsulate and store various cargoes, such as enzymes, proteins, DNA, and 
various drug molecules (4)(5).  
 
Lipid vesicles would be more useful if they could be stabilized against fusion, and could 
be glued together upon need. The stabilization can be achieved by using charged lipid 
molecules as well as nanoparticles (6). We report herein a molecule glue for fast and 
specific binding of lipid vesicles. With help from calcium ions, this molecule glue can 
induce an effective binding of dispersed liposomes within one second, which provides a 
powerful tool for vesicle applications, such as drug delivery. The working principle of 
this glue is similar to the epoxy glue, which involves one agent, namely C2AB, and 
calcium ions as the second agent. The fast and strong adhesives can be achieved by 
mixing them together with charged liposomes. In this paper, a high concentration of 
negatively charged lipid molecules with a strong repelling force is used to make vesicles 
for preventing fusion in the stock, and for increasing the adhesiveness of this glue. 
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The molecule glue, C2AB, is the cytosolic part of synaptotagmin I, which is thought to be 
the primary calcium sensor and has two C2 domains in its cytosolic part, called C2A and 
C2B (7)(8). These two C2 domains, called C2AB, bind five calcium ions using the 
conserved aspartates at the top loops of the β sandwiches (Figure S1). The C2AB 
molecule interacts with both SNARE complexes and lipid membranes. Recent reports 
showed that the interaction between C2AB and lipid membranes, which is highly 
dependent on the existence of negatively charged lipids (phosphatidylserine, PS) and 
calcium ions, induces high local curvatures (9) and a close apposition between two 
charged membranes (10) that would otherwise repel each other. 
 
All liposomes with a diameter of 100 nm were made according to the standard extrusion 
protocol with materials obtained from Avanti Polar Lipid, Inc. (Alabaster, AL). To 
enhance the affinity of the C2AB domain to lipid membranes, vesicles used to study 
C2AB molecules were made of a high concentration of PS lipids, 35 mol%, plus 65 
mol% phosphocholine, PC. One group of liposomes was labeled with 2 mol% DiD and 
0.1 mol% biotinylated lipids, and the other liposomes were doped with 2 mol% DiI. The 
quartz slides were used as substrates for all experiments performed on the home-built 
total internal reflection (TIR) setup. To eliminate non-specific binding, all substrate 
surfaces were processed by the standard PEGylation (11).    
 
The experimental scheme is shown in Figure 1. First, the DiD (acceptor)-labeled 
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liposomes were tethered on the surface via biotin/neutravidin after a 15-minute 
incubation at the concentration of approximately 100 pM to form a mono-layer. After 
washing the free DiD liposomes, a mixture of the DiI (donor)-labeled liposome (~100 
pM), C2AB (1 μM), and EGTA (10 μM) for eliminating free calcium ions was flowed in. 
As shown in Figure 1b before Ca2+, we could not see appreciable docking of DiI (donor) 
at this moment. However, when this mixture was washed out by subsequent injection of 
0.1 mM Ca2+, DiI-labeled liposomes began to dock to surface-immobilized, DiD-labeled 
liposomes very rapidly with a time constant of hundreds of milliseconds. As shown in 
Figure 2, the whole process was done within two seconds.  
 
As we discussed above, this process is dominated by the charge-charge interaction. As 
shown in Figure S1, each C2AB molecule binds up to five calcium ions, and this calcium 
ion binding greatly increases its affinity for negatively charged lipid membranes, leading 
to high local curvatures or close contact between two membranes (9)(10). In the presence 
of PS lipid, the calcium ion affinity of C2AB can be increased 100 times (12). Thus, the 
negatively charged PS molecules play an important role in interacting with C2AB 
molecules and calcium ions. When we reduced PS concentration from 35% to 5%, the 
gluing of DiI liposomes was extinguished (Figure 3a). Because one C2AB molecule has 
five calcium ion binding sites, the 0.1 mM Ca2+ was saturated to 1 μM C2AB. When 
calcium concentration was increased to 1 mM, the docking number of DiI liposomes 
remained the same (Figure 3b). Under this condition, we can control the results through 
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the amount of C2AB. As shown in Figure 3b, the docking number was proportional to the 
concentration of C2AB molecules while calcium concentration was saturated.  
 
The effect of the C2AB is specific in terms of responding to calcium ions and interacting 
between charged membranes. By using the same concentration of magnesium ions, no 
DiI liposome attachment was observed (Figure 4a). If we destroyed DiD liposome 
mono-layer by an air bubble, the glue function of C2AB was totally vanished (Figure 4b).   
 
This abrupt and stable appearance of the DiI-labeled liposomes is ascribed to specific 
docking to DiD-labeled liposomes because the FRET distribution is peaked at a non-zero 
value, E = 0.3 (Figure 5a). This FRET range is close to that observed with PE lipids, 
strongly suggesting the hemifusion state is obtained as a result of the C2AB-driven 
docking process (11). The data shows that docking and partial fusion between protein free 
liposomes can be induced by C2AB and calcium ions. After calcium ion binding, C2AB 
molecules become positively charged, which has a high affinity for negatively charged 
membrane molecules (9)(10). The interaction between C2AB molecules with calcium 
ions and membranes is strong. Even after ten-round buffer washing, 150 μ L for each 
round, more than 80% of the DiI liposome still remained bonded on the surface (Figure 
5b).   
 
Both experimental and theoretical studies concur that membrane fusion proceeds through 
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at least two steps: membrane docking and actual fusion, resulting in the mixing of 
membrane lipids and membrane-bound contents (13)(14). Fusion may occur upon close 
(1–2 nm) docking of target membranes, driven by the binding of surface groups. After 
docking induced by C2AB molecules, some chemical agents, such as polyethylene glycol 
(15)(16), and some small molecules (17)(18), can be applied to the system for fusion.  
 
In conclusion, a super molecule glue for charged lipid vesicles is reported in this paper. 
This glue is super-fast, highly adhesive, as well as easy-to-use, which provides us with a 
useful tool for vesicle application.  
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Figures and Captions: 
 
Figure 1. (a) Schematic illustration of the experimental strategy. (b) TIR images before 
and after 0.1 mM Ca2+ influx. 
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Figure 2. (a) Real-time fluorescent trace of donor (DiD) channel upon the arriving of 
Ca2+ influx. (b) TIR images of both donor and acceptor channels of the trace in part A. 
 
Figure 3. (a) Vesicle docking numbers for 5 mol% and 35 mol% PS molecules. (b) 
Vesicle docking numbers for different C2AB and calcium concentrations. 
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Figure 4. (a) Vesicle docking numbers after 0.1 mM Ca2+ or 0.1 mM Mg2+ influx. (b) 
TIR image of a flow channel after 0.1 mM Ca2+ influx. The DiD vesicles on the upper 
part of this flow channel were destroyed before DiI liposomes. 
 
Figure 5. (a) Single-liposome FRET distribution after 0.1 mM Ca2+ influx. (b) Vesicle 
docking numbers before buffer washing and after ten-round buffer washing, 150 μ L for 
each round. 
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Munc18-1, an essential protein in synchronized membrane fusion mediated by 
SNARE proteins, has recently been shown to promote neuronal SNARE-mediated 
fusion in the presence of full-length syntaxin protein. Here we show Munc18-1 
function in SNARE-mediated fusion by a single-vesicle fusion assay that 
unambiguously detects different stages of fusion via fluorescence resonance energy 
transfer. Munc18-1 remarkably stimulates neuronal SNARE-mediated fusion not 
only with full-length syntaxin but also with Habc-truncated syntaxin.  
 
Sec1/Munc18 (SM) proteins are a family of cytoplasmic proteins with a conserved 
arch-shaped structure that play an essential role in intracellular membrane fusion. Along 
with SNARE (soluble N-ethylmaleimide-sensitive-factor attachment protein receptor) 
proteins, which primarily mediate fusion of cellular transport vesicles with the target 
membrane, the SM proteins are the most central components of the exocytotic apparatus, 
which are required for all steps of the fusion. [Jahn 2000, Rizo 2002, Toonen 2003, 
Toonen 2007] Previously, Munc18-1 was mainly regarded as a negative regulator of the 
SNARE complex by interacting with monomeric syntaxin, a member of SNARE proteins, 
to form a close conformation for vesicle trafficking. [Jahn 2000, Rizo 2002, Toonen 2003, 
Toonen 2007] Recently, bulk liposome fusion experiments have shown Munc18-1 can 
bind preassembled SNARE complexes, [Shen 2007, Dulubova 2007, Khvotchev 2007] 
and effectively promotes neuronal SNARE-mediated fusion with full-length syntaxin 
[Shen 2007]. The interaction between Munc18-1 and Habc-domain of syntaxin is crucial 
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for this promotion effect [Shen 2007, Khvotchev 2007]. However, the mechanism for 
Munc18-1 activated fusion remains puzzling because of the limitation of the bulk fusion 
assay.  
 
Recently, a new technique has been developed for revealing multiple intermediate states 
of the vesicle fusion process at the single-liposome level. In comparison with bulk fusion 
assay, this new technique can separate intermediate states of docking, hemi-fusion, and 
full fusion via single molecule fluorescence resonance energy transfer (smFRET). In 
comparison with traditional ensemble assays, the single- liposome assay is advanced in 
terms of detecting the kinetic transition between individual intermediates, and post-fusion 
pathway such as the kiss-and-run event [Yoon 2006, Yoon 2008]. The scheme of this 
single-liposome assay is shown in Figure 1a. A quartz slide is first processed with 
polyethyleneglycol (PEG) molecules by the ratio of 99:1 (mol/mol) PEG:biotin-PEG 
(Laysan Bio, Arab, Alabama) to eliminate non-specific binding of vesicles. The slide is 
then assembled into a flow chamber and coated with neutravidin in the concentration of 
0.2 mg/mL. Through the specific interaction between biotin and neutravidin, the 
v-SNARE vesicles are immobilized on the PEG-coated surface by incubation at a vesicle 
concentration of 160 pM for 15 minutes. After washing the free v-SNARE vesicles in the 
chamber, the t-SNARE vesicles are diluted to a final vesicle concentration of 200 pM 
with preset amounts of Munc18-1 and injected into the flow chamber for the reaction at 
37 (±2)°C in the buffer (25 mM Hepes, pH 7.4, and 100 mM KCl) for 12 minutes. The 
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low concentration of t-SNARE vesicle can dramatically reduce the probability of multiple 
vesicle interactions to warrant this assay in single-liposome level [Yoon 2008]. After 
washing the free t-SNARE vesicles and Munc18-1 proteins, the FRET measurements by 
a total internal reflection (TIR) fluorescence microscope are performed at the 20th minute 
from injection of t-SNARE vesicles with a surrounding temperature of 37 (±2)°C. Typical 
images of TIR donor and acceptor channels are shown in Figure S1. The multiple 
intermediate states of fusion are characterized by discrete smFRET efficiency values. A 
finite but low efficiency distribution ≤  0.25 suggests close contact or docking between 
the donor and the acceptor liposomes without a high degree of lipid mixing. The final 
efficiency distribution around 0.35 indicates a hemi-fusion state. The efficiency 
distribution  0.5 is assigned as an indicative of full fusion where both inner and outer 
leaflets have been mixed 
≥
[Yoon 2006].   
 
As observed by this single-liposome assay, for both full-length syntaxin (syntaxin-full, 
Figure 1b) and Habc-truncated syntaxin (syntaxin-HT, Figure 1c) cases, 1 μ M Munc18 
promotes the full fusion population for the FRET efficiency of  0.5 ≥ [Yoon 2006, Yoon 
2008]. The promotion effect of Munc18-1 shows a dependence on the concentration 
(Figure S1). In terms of fusion kinetics, full fusion state is accomplished within 20 
minutes, which is much faster than the previous report of several hours [Shen 2007]. As 
shown in Figure 1, this promotion effect of Munc18-1 works in a SNAP-25 dependent 
manner for both syntaxin-full and syntaxin-HT cases. This indicates that the interaction 
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between Munc18-1 and full SNARE complex is more important than that between 
Munc18-1 and Habc-domain of syntaxin. To verify this assumption, the D34N/M38V 
double mutations on Munc18-1, which prevent the binding ability of syntaxin to 
Habc-domain, [Schutz 2005, Gulyas-Kovacs 2007] were tested. As shown in Figure 2a, 
this mutant Munc18-1 shows a similar promotion effect as wild type Munc18-1.  
 
As recently proposed, Munc18-1 interacts with the preassembled SNARE complex to 
accelerate the fusion events [Shen 2007]. In the single-liposome assay presented above, 
Munc18-1 is injected during the SNARE complex formation. To investigate this issue, 
this assay was adopted with a slight change. The t-SNARE vesicles were injected without 
Munc18-1 to form preassembled SNARE complexes for 12 minutes. After washing, the 
preset amounts of Munc18-1 were injected for the reaction at 37 (±2)°C for another 12 
minutes followed by imaging at 20 minutes. We observed a similar but reduced fusion 
promotion effect of 1 μ M Munc18-1 for preassembled SNARE complexes in both 
syntaxin-full and syntaxin-HT cases (Figure 2b). 
 
To unveil the interaction between Munc18-1 and syntaxin1A, seven cysteines in the wild 
type Munc18-1 were labeled with methanethiosulfonate spin label (MTSSL). Electron 
paramagnetic resonance (EPR) spectra for Munc18-1 in solution, with syntaxin1a and the 
SNARE complex in the membrane, were measured separately at room temperature 
(Figure 3 and S2). The broadening line shape of EPR spectrum indicated that the 
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Munc18-1 could bind to syntaxin-full directly (Figure 3a left). However, the EPR 
spectrum did not show any change when incubated with syntaxin-HT (Figure 3b left). 
After syntaxin-full and syntaxin-HT were reconstituted into the membrane and formed a 
ternary complex with SNAP25 and soluble VAMP 2 (amino acids 1-89), spin-labeled 
Munc18-1 was added to the complex respectively. Interestingly, the EPR spectra of 
Munc18-1 with both syntaxin-full and syntaxin-HT SNARE complex were broadened. 
The spectra indicted that the N-terminal Habc domain of syntaxin1a was not necessary 
for Munc18-1 interacting with the membrane-associated SNARE complexes (Figure 3a 
and 3b, right). The results provided evidence that Munc18-1 could bind to SNARE 
proteins in at least two ways. First of all, Munc18-1 could bind to syxtaxin1A directly and 
the N-terminal Habc domain of syntaxin1A is required. This binding probably prevents 
syntaxin1a from forming a binary complex with SNAP25 and is responsible for the 
syntaxin1a transportation in living cells [Medine2007]. Secondly, Munc18-1 could bind 
to the membrane-associated SNARE complex and the N-terminal Habc domain of 
syntaxin1A is not necessary. We believe that this binding model is related to the fusion 
ability of Munc18-1. Both EPR spectrum (Figure S2b), and TIR image (Figure S3c) show 
no direct interaction between Munc18 and membrane.  
 
Based on the single-liposome and EPR data, we raise the importance of Munc18-1 
binding to full SNARE complexes in stimulating fusion events. In the presence of the 
membrane, this interaction is not associated with the Habc-domain of syntaxin. 
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Previously, the Habc-domain, particularly the syntaxin N-peptide, was regarded as an 
essential partner of Munc18-1 for all functions [Jahn2000, Rizo2002, Toonen2003, 
Toonen2007, Shen2007, Dulubova2007, Khvotchev2007]. Most recently, Fasshauer’s 
group found that the interaction between Munc18 and the syntaxin N-peptide mainly 
associates with controlling the accessibility of syntaxin. Meanwhile, Munc18 could bind 
to SNARE complexes in the absence of syntaxin N-peptide [Burkhardt2008]. According 
to our data and other groups’ findings, we propose that for the important promotion 
function, with help from the membrane, Munc18-1 interacts with SNARE complex in a 
mode in which Habc-domain is not required. In our opinions, different Munc18/SNARE 
interactions associate with different stages of intracellular membrane fusion, and 
Munc18-1 interacts with a full SNARE bundle during the latest stage of the fusion 
process for a promotion role. 
 
In conclusion, Munc18-1 promotes neuronal SNARE-mediated fusion not only with the 
full-length syntaxin but also with Habc-truncated syntaxin. The interaction between 
Munc18-1 and full SNARE complex is mainly responsible for this effect. Furthermore, 
Munc18-1 accelerates liposome fusion significantly more rapidly than previously 
observed. 
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Figures captions: 
 
 
Figure 1 Single-liposome FRET assay for Munc18-1 in neuronal SNARE-mediated 
fusion. a, Schematics of the single-liposome assay. FRET distribution for SNARE 
complexes composed of (b) syntaxin-full and (c) syntaxin-HT.  
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Figure 2 Single-liposome FRET distributions for D34N/M38V mutant Munc18-1 in 
neuronal SNARE-mediated fusion (a) with syntaxin-full and syntaxin-HT. And 
single-liposome FRET distributions for Munc18-1 in preassembled neuronal 
SNARE-mediated fusion (b) with syntaxin-full and syntaxin-HT. 
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Figure 3 EPR spectra analysis of Munc18-1 interacting with (a) syntaxin-full and (b) 
syntaxin-HT in solution and with the membrane associated SNARE complex. As 
indicated by black arrows, broadening EPR spectra reflect interactions. 
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CHAPTER 6: CONCLUDING REMARKS 
Although enormous progress in studying SNARE-mediated membrane fusion was 
achieved recently, many questions concerning the function and structure of SNAREs are 
still open. For instance, the neurotransmitter release was finished milliseconds after the 
arrival of Ca2+ in living cells and regulated accurately by the intracellular signaling 
cascade (Chapman, 2008; Sudhof, 2004). However, in vitro experiment data indicated 
that it usually takes hours to finish the membrane fusion with a higher proteins-to-lipid 
ratio. Even though some studies cast doubt on the conclusion that the SNARE proteins 
are the minimal fusion machinery (Chen et al., 2006; Rizo et al., 2006), the scenario that 
the SNARE proteins play a central role in membrane fusion and many regulators interact 
with this complex is widely accepted (McNew, 2008; Rizo and Rosenmund, 2008; 
Wickner and Schekman, 2008).  
Accumulated experiment data suggest that the coordination of assembly of multiple 
SNARE complexes was necessary to induce the membrane fusion. (Hua et al., 2001; Lu 
et al., 2008; Sieber et al., 2007). A supermolecular cluster of syntaxin and SNAP25, as 
large as 700 nm in diameter, was observed in a chromaffin cell (Rickman et al., 2004). 
During the process of membrane fusion, such a pre-cluster of t-SNARE proteins will start 
to recruit the v-SNARE proteins leading the assembly of multiple SNARE complexes. 
Based on the above experiment data, a gap junction-like structure of the multiple copies 
of the SNARE complex was provided (Yoo and Shin et al,. 2008), where the multiple 
transmembrane of t- and v-SNARE proteins were aligned in a stacked manner and 
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connected to the apposing membrane. It is noteworthy that the transmembrane domains 
of this gap junction-like structure were not rigid. The lipid molecule could get into the 
space between the transmembranes to form a lipid stalk, and a lipid intermediate, 
hemifusion, could be observed. This gap junction-like model was different from the 
proteinaceous pore model. In order to form a pore structure, the pre-clustered syntaxin 
transmembrane domains must undergo conformation change. This however needs more 
energy.  
Munc-18 was believed to be an important regulator for the SNARE proteins. In vivo, 
Munc18 binds to and stabilizes the closed syntaxin during its transportation to the plasma 
membrane. In addition, Munc18 is likely to play a positive role in membrane fusion (Hata 
et al., 1993; Sudhof, 2004; Verhage et al., 2000; Verhage and Toonen, 2007). A recent 
study from Rothman’s group showed that Munc18 enhances the assembly of the SNARE 
complex and, as a result, increases membrane fusion (Shen et al., 2007). They claimed 
that the N-terminal segment of syntaxin was necessary for the activity. However, some 
other findings in our laboratory cast doubts on this conclusion. First, Munc18 binds to 
membrane containing negatively charged lipids such as DOPS and facilitates the vesicle 
docking. As a result, an enhancement of Munc18 was observed using the lipid-mixing 
assay, which cannot discriminate the docking from lipid mixing. Second, our single 
molecule study indicated that the Munc18 could increase the SNARE mediated lipid 
mixing for syntaxins both with and without N-terminal segments. Furthermore, the 
enhancement activity of Munc18 disappeared if we used the vesicles without DOPS. 
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Interestingly, in Rothman’s paper, they showed a floating assay result that Munc18 also 
binds to membrane associated SNARE complex even the N-terminal segment truncated 
syntaxin was used.    
The current membrane fusion was detected by the observation of FRET of 
fluorescent probes anchored on the membrane. The FRET represents the lipid mixing. If 
we want to know if a real membrane fusion happened or not, a content mixing must be 
observed. A well-defined content-mixing assay has not been developed up till now 
because of the leak of vesicles and lack of a sensitive method to detect the change of the 
signals. Single molecule techniques provide to us the possibility to develop a 
content-mixing assay. The new assay will provide us with a detailed picture of membrane 
fusion. Trying to develop a sensitive and stable assay to detect the content mixing is one 
of our laboratory’s tasks. 
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